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approximately  comparable  to  the  coarsest  fraction  of  naturally  occurring 
unconsolidated  surficial  materials  (for  example,  playa  and  alluvium).  A com- 
parison of  pellet  throwout  ranges  with  the  translation  of  dyed  sand  and  other 
artificial  tracers  in  smaller  and  larger  scale  explosion  experiments  supports 
the  analogy  between  the  pellets  employed  here  and  the  coarser  size  fraction  of 
unconsolidated  earth  media. 

The  postshot  range  r of  a mass  point  ejected  by  an  explosive  cratering 
event  can  be  related  to  its  preshot  range  x (measured  from  surface  ground  zero 
by  a power-law  expression  of  the  form:  (r/R)  a (x/R)c,  where  absolute  ranges 
x and  r are  normalized  to  R,  the  crater  radius.  Lateral  (radial)  translation  of 
the  artificial  pellets  ejected  from  the  upper  portions  of  the  explosion  craters 
could  be  approximately  characterized  by  this  expression  with  c = -4.  0 ± 1.  0. 

In  comparison,  translation  of  the  bulk  of  the  ejecta  excavated  by  larger  explo- 
sion cratering  experiments  (for  example.  Stagecoach,  Air  Vent  I)  and  smaller 
laboratory  scale  experiments  (conducted  at  the  University  of  Dayton  Research 
Institute)  in  relatively  unconsolidated  earth  media  is  characterized  by  the  power 
law  expression  with  c ^-2.  5 ± 1,0.  This  relationship  describing  the  lateral 
translation  of  the  bulk  of  the  ejecta  is  observed  over  a wide  range  of  charge  size 
and  crater  shape. 

The  lateral  translation  of  the  coarsest  fraction  of  explosion  crater  ejecta 
initially  situated  near  the  original  ground  surface  exceeds  the  average  transla- 
tion ranges  of  smaller  particle  sizes  and  thus  poses  the  most  severe  natural 
missile  hazard  to  personnel  and  surface  facilities.  The  variation  of  the  expon- 
ent c with  depth  within  the  crater  of  excavation  for  a series  of  experiments  at 
various  scaled  depths  of  burst  can  be  employed  as  an  empirical  model  of  the 
translation  of  the  coarsest  ejecta  size  fraction  for  larger  scale  explosion  events. 
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Lateral  Translation  of  Explosion  Crater 
Ejecta:  A Working  Model  Based 
Upon  Pellet  Experiments 


1.  INTRODUCTION 

The  ability  to  characterize  the  spatial  and  temporal  distribution  of  ejecta  pro- 
duced by  an  explosive  cratering  event  is  essential  to  the  development  of  accurate 
siting  criteria  for  surface  and  near  surface  weapons  systems  and  various  support 

facilities  (for  example,  detection  and  communication  facilities).  Empirical  studies 

1-3 

of  block  size  distributions  around  explosion  craters  together  with  ballistic  models 
4 5 

of  ejection  conditions  * result  in  a partial,  largely  statistical  description  of  the 

g 

actual  ejecta  environment.  The  ability  to  relate  the  process  of  ejecta  deposition 
to  the  mechanics  of  excavation  controlling  the  formation  of  the  crater  would  cor- 
tribute  significantly  to  (1)  developing  a framework  for  extrapolating  empirical 
ejecta  studies  to  a variety  of  > ields  and  geological  settings,  and  (3)  characterizing 
the  relative  threat  the  total  ejecta  environment  poses  to  ground  based  facilities  and 
personnel. 

Similarly,  the  sampling  goals  of  the  recent  Apollo  missions  have  let!  to  an 
intensive  study  of  the  impact  cratering  process. ' “ Current  theories  describing 
the  cratering  of  Impact  crater  formation  are  based  primarily  uj>on  (1)  small  scale 
impact  experiments  performed  over  a limited  range  of  impact  velocity,  projectile 
size,  and  with  idealized  target  materials,  and  (2)  field  relationships  observed  at 

(llcc cived  for  publication  If*  August  10“ 5) 

Mhic  to  the  large  number  of  references  in  ahove  text,  please  refer  to  Reference 
Page  No.  45  for  references  1 through  it. 

Preceding  page  blank 


large  terrestrial  impart  craters  that  have  been  preserveil  at  various  orosional 
levels.  An  impart  cratering  event  in  a layered  target  produces  a stratified  ejecta 
deposit  with  stratigraphy  which  is  approximately  inverted  with  respect  to  the  !o»*al 
pre-existing  layering,  with  deepest  material  deposited  near  the  crater  rin:  and 
successively  shallower  horizons  extending  to  suet  ssively  greater  radial  ranges, 
geometrical  models  of  ejecta  distribution*0,  *“  and  secondary  cratering  effects13,  ^ 
have  suggested  that  variations  in  the  amount  of  primary  ejecta  and  the  velocity  at 
which  it  impacts  the  original  ground  surface  are  responsible  for  the  morphology  of 
ejecta  deposits  observed  over  a range  of  impact  crater  size.  llf  1*’'  10  The  variety 
of  morphologies  associated  with  impact  crater  ejecta  deposits  primarily  reflects 
the  range  of  particle  \elocity  associated  with  the  lateral  translation  of  primary 
ejecta  from  the  crater  of  excavation  to  a specific  radial  range.  (Generally,  mater- 
ial thrown  farther  travels  faster  so  that  the  total  ejecta  deposit  can  reflect  r.  variety 
of  dcpositional  processes  ranging  from  the  low  velocity  overturning  of  massive  sec- 
tions of  target  material  up  onto  the  crater  rim  to  a region  of  discontinuous  second- 
ary cratering  at  greater  ranges  (see  Ohcrheek,  1075).  11 

In  comparison,  the  ejecta  dej>osit  produced  by  an  explosive  cratering  event  has 
qualitatively  similar  features:  the  deepest  material  excavated  appears  on  or  near 
the  rim,  and  the  ejecta  deposit  is  thickest  at  the  crater  rim  crest  and  thins  rapidly 
at  larger  radial  ranges.  Oberbcck 1(  has  demonstrated  dimensional  similarities  in 
crater  shape  and  ejecta  plume  formation,  and  dynamic  similarities  in  the  radial 
attenuation  of  shock  pressures  for  experimental  impact  and  near-surface  explosive 
cratering  events.  These  similarities  are  observed  for  explosion  craters  with 

1 / ’i 

scaled  depths  of  burst  (SDOR)  in  the  range  0,  10  to  0.50  ft /(lb  TNT)  ' . This 
analogy  between  impact  and  near-surface  explosion  cratering  may  extend  to  much 


12.  Mcdetchin,  T.R.,  Settle,  M, , ami  Head,  J.W.  (1073a)  Radial  thickness 

variation  in  impact  crater  ejecta;  Implications  for  lunar  basin  deposits, 
Karth  Planetary  Sci.  I.c-ttr.  20:226-236. 

■ ■■  —i  »i  * , i ■ yvw 

13.  Oberbcck,  V.R..  Morrison,  R.  H. , Ilorz,  K, , Quaiiic,  W.  1.. , and  Gault,  I),  K, 

(1074)  Smooth  Plains  and  Continuous  Deposits  of ‘CrtUcrs  and  Basins,  NASA 
Tech  Mk.ni  X-02,  376,  Ames  Research  Center,  Mofreti  I'ieUl,  California. 

14.  Oberheok,  V.  R. , Horz,  K. , Morrison,  R.  II. , and  Vuniile,  \V.  1..  (1073) 

Kmplacoment  of  the  Cayley  Formation,  NASA  Tech  Mem  X-62.  302,  Ames 
Research  Center,  Mortett  Field,  California. 

15.  Morrison,  H.  II. , and  Oberbcck,  V.R.  (1075)  Features  of  crater  continuous 

deposits  and  interpretations  of  their  origin,  Lunar  Science  VI,  p.  578-580, 
The  Lunar  Science  Institute,  Houston,  Texas, 

16.  Settle,  M. , ami  Head,  ,!.W.  (1075)  Topographic  variations  in  lunar  crater  rim 

profiles:  Implications  for  the  formation  of  ejecta  deposits,  submitted  to 
Icarus. 

17.  Ohcrheek,  V.R,  ( 107 1)  Laboratory  simulation  of  impact  cratering  with  high 

explosives,  .lour,  Ocophys,  Res,  76:5732-5740. 
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larger  craters.  Thus,  the  variety  of  depositions!  processes  which  characterize 

large  impact  craters  may  also  he  produced  by  correspondingly  large,  near- 

surface  explosive  events.  In  fact,  an  annular  zone  of  secondary  craters  was  pro- 

10 

ducod  by  *he  Sedan  explosion,  a large  nuclear  explosion  in  alluvium. 

1.1  iWpow>  of  the  Prtvent  Study 

A complete  characterization  of  the  mechanics  of  ejecta  deposition  should  in- 
clude a description  of  ejection  velocity,  ejection  angle,  particle  size  distribution, 
and  postshock  strength  of  material  excavated  by  an  individual  cratering  event.  These 
ejection  parameters  are  primarily  determined  by  the  response  of  the  specific 
material  to  the  stress  wave  generated  by  both  explosive  and  impact  events  and  by 
the  acceleration  of  gases  produced  in  the  explosion  case.  The  postshock  strength 
of  the  material,  ejecta  particle  size  distributions,  and  ejection  parameters  gener- 
ally reflect  the  relative  intensity  of  the  stress  wave  at  different  distances  from  the 
center  of  the  crater.  The  subsequent  excavation  stage  of  the  crater  formation 
process  then  redistributes  these  stress  -induced  variations  by  translating  material 
to  a variety  of  ranges.  The  distribution  and  morphology  of  the  resulting  ejecta 
deposit  represent  a transformed  record  of  excavation  para  ters  within  the  tran- 
sient crater  of  excavation  during  the  cratering  event. 

The  purpose  of  the  present  study  is  to  empirically  characterize  the  'transfor- 
mation function'  by  which  the  excavation  phase  of  an  explosive  cratering  event 
translates  material  from  a pre-event  position  to  a post -event  range  within  the 
ejecta  deposit.  The  relationship  between  the  original  and  final  position  of  ejected 
material  places  important  constraints  on  the  distribution  of  shock  stress  and  kine- 
tic energy  produced  within  the  test  medium  by  the  explosion.  This,  in  turn,  per- 
mits the  association  of  observed  ejecta  morphologies  such  as  the  hummocky  and 
grooved  terrain  observed  within  the  continuous  ejecta  deposit,  ejecta  rays,  and 
discontinuous  ejecta  clusters  with  the  relative  levels  of  energy  distribution  within 
the  test  medium. 

The  explosion  cratering  experiments  described  in  this  report  were  designed  to 
empirically  describe  the  material  translation  process.  Tracer  pellets  were  em- 
placed at  specific  positions  within  the  test  medium  prior  to  a shot,  then  these 
pellets  were  located  and  their  final  positions  were  survived  after  the  shot.  Lateral 
pellet  translation  refers  to  the  radial  displacement  of  n pellet  produced  by  the  ex- 
plosive cratering  event  measured  from  surface  ground  zero  (Sd/.l,  All  experiments 

111.  Baldwin,  R.  II.  (11X13)  The  Measure  of  the  Moon.  The  University  of  Chicago 
Press , Chicago,  Illinois. 

10.  Roberts,  W.A.  (1005)  Permanent  angulat  displacement  and  ejecta  -induced 
impulse  associated  with  crater  formation,  Icarus  4 *4 R0 -40H, 


II 


were  conducted  at  SDOB  in  the  range  appropriate  to  the  impact  crater  analogy. 
Thus,  the  results  of  the  present  study  can  be  directly  compared  with  small  impact 
cratering  experiments. 


2.  TUF.  EXPERIMENTS:  SETTING.  MATERIALS,  AND  PROCEDURE 

Small  scale  explosive  cratering  experiments  were  conducted  within  the  Ft. 
Devens  Reservation  during  the  period  of  September  1973  through  September  1974. 
The  pellet  experiments  described  in  this  report  represent  a part  of  the  total  re- 
search program  accomplished  during  this  period.  The  results  of  parallel  studies 
concerning  the  effects  of  explosive  cratering  on  the  bearing  strength  of  granular 

earth  materials  will  be  reported  elsewhere  (see  Settle  and  Needleman  (1974)  for 
20 

preliminary  results  ). 


2.1  Tent  Site 

All  cratering  experiments  were  performed  in  an  area  approximately  50  m X 
75  m within  the  Hotel  Range  on  the  Ft.  lJevens  Reservation  (see  Figure  1).  The 
bedrock  geology  of  the  area  consists  of  a metamorphosed  sequence  of  carbonifer- 
ous sedimentary  u~its  situated  within  the  Worcester  trough.  In  the  vicinity  of  the 

test  site,  this  sequence  is  represented  by  phyllite,  schist,  and  quartzite  rocks 

2 1 

which  are  extensively  intruded  bv  granite  and  minor  amounts  of  diabase.  The 
surface  geology  surrounding  the  site  is  dominated  by  glacial  deposits  of  variable 
thickness. 

Hotel  Range  in  particular  is  an  area  of  substantial  fill,  consisting  mostly  of 
quartz  sand  with  minor  amounts  {<'  3 percent)  of  feldspar  and  mica  also  present. 
Seismic  investigation  of  the  subsurface  structure  of  the  site  has  revealed  that  tne 
deposit  of  fill  extends  to  a depth  of  approximately  2 to  3 m and  has  an  acoustic 
velocity  of  lOOOm/sec.  The  fill  rests  upon  much  coarser  material  which  appears 
to  he  a deposit  of  glacial  till  (S.  Needleman,  personal  communication). 

The  edges  of  Hotel  Range  are  generally  overgrown  with  bushes  and  saplings 
while  the  periphery  of  the  actual  test  site  is  consolidated  primarily  by  grasses 
and  mosses  (see  Figure  1).  The  range  of  particle  size  distributions  of  the 


20.  Settle,  M. , and  Needleman,  S,  ( 1974)  Deformation  in  granular  earth  media 

produced  by  explosive  cratering:  Implications  for  impact  cratering,  KOS 
Transactions  Am.  Oeophys.  Union  56,  No.  12;  1 142. 

21.  Emerson,  B.K.  (1917)  Geology  of  Massachusetts  and  Rhode  Island.  U.S. 

Geological  Survey  RuTT!  Sin.  SQ7,  289  pp. 
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unconsolidated  quartz  sand  fill  near  the  surface  of  the  test  site  is  shown  in  Figure 
2.  Generally  10  percent  of  the  surface  material  is  coarser  than  1 mm  while 
approximately  50  percent  of  the  surface  material  is  finer  than  0,  5 mm.  Repeated 
precipitation  in  areas  of  fill  will  commonly  wash  finer  material  from  the  near  sur- 
face portion  of  the  fill  deposit  and  redeposit  this  finer  material  at  greater  lepth. 
Such  an  effect  has  been  observed  at  the  Boeing  Company  Tulalip  test  site,"*’’  In- 
deed, grain  size  analysis  of  subsurface  samples  reveals  that  a shallow  ledge  of 
finer,  clay-like  material  exists  approximately  0.5  m beneath  the  western  side  of 
the  test  site.  This  is  c onsistent  with  the  drainage  of  the  area:  the  test  site  dips 
gently  to  the  south  southwest  by  to  5°, 


Figure  2,  Particle  Size  Distribution  of  the  Quartz  Sand  Fill  at  Ho  '1  Range,  Ft. 
Devens.  Other  sands  and  soil  types  are  shown  for  comparison*^,  - 3 


22.  Durgunoglu,  H.T.  (197  2)  Static  Penetration  Resistance  of  Soils,  PhD  Thesis, 

University  of  California,  Berkeley,  California. 

23.  Turnage,  G.  W.  (1974)  Measuring  Soil  Properties  in  Vehicle  Mobility  Research; 

Resistance  of  Coarse  Grained  Soils  to  Highspeed  Penetration,  Tech,  ftpt 
Ho.  3-65*1,  Report  6,  (j,  S,  Army  Waterways  Experiment  Station,  Mobility 
and  Environmental  Systems  Lab.,  Vicksburg,  Mississippi, 

24.  Fulmer,  C.V.  (1965)  Cratering  Characteristics  of  Wet  and  Dry  Sand,  The 

Boeing  Company  R eport  £>2-90683-1,  Seattle,  Washington. 
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2.2  Materiils 

The  pellets  used  in  these  experiments  were  spheres  made  of  silica  glass, 
acrylic  resin,  and  aluminum  alloy.  The  relative  size  and  densities  of  the  different 
pellet  types  are  documented  in  Table  1, 


Table  1.  The  Pellets  Employed  in  These  Experiments  Were  Made  of 
Acrylic  Resin,  Glass,  and  Aluminum  Alloy.  The  sizes  and  densities 
of  the  pe'lets  are  given  in  cm  and  grams/cm^,  respectively 


Pellet  Type 

Diameter 

(cn.) 

Density 

{gm/cm3) 

Acrvlic 

red 

1.97 

1.02 

Resin 

orange 

1.24 

1.  19 

yellow 

1.53 

2.20 

Glass 

brown 

1.43 

2.70 

blue 

1.55 

1.92 

Aluminum 

Alloy 

1.27 

2.84 

The  explosives  used  in  these  experiments  were  Hi-velocity  gelatin,  a mixture 
of  60  percent  nitroglycerin  and  40  percent  inert  material,  and  C-4,  a mixture  of 
91  percent  RDX  (cyclonite)  and  9 percent  inert  material.  The  relevant  physical 
properties  of  these  materials  are  compared  with  TNT  and  PFTN  (pentaervghritol 
tetranitrate)  in  Table  2.  The  explosive  charges  were  spherically  shaped  and  cen- 
trally initiated  by  bridge  wire  electrical  detonators.  Two  types  of  detonators  were 
employed,  an  'SSS'  EB  Cap,  Strength  No.  8,  sold  by  Dupont  and  an  M6  EB  Cap, 
Strength  No.  12,  which  is  the  Standard  Army  EB  Cap, 

2.3  Experimental  Procedure 

Pellets  were  emplaced  within  the  test  material  2 to  28  hours  before  the  experi- 
ment (see  Figure  3).  Typically,  several  groups  of  pellets  would  be  buried,  with 
each  group  emplaced  at  a common  depth  along  an  imaginary  horizontal  line  radial 
to  a vertical  centerline  through  the  explosive  charge.  The  radial  range  of  an  indi- 
iT  | vidua!  pellet  was  determined  to  within  ± 0,  125  in.  (measured  from  surface  ground 

zero);  its  depth  of  burial  was  determined  to  within  ± 0,25  in.  (measured  from  the 
; original  ground  surface), 

i 

si- 
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Figure  3.  Schematic  Map  of  Pellet  Emplacement,  A 
variety  of  pellet  groups  emplaced  at  different  depths 
are  excavated  by  the  explosion,  (Note  pellet  size  is 
greatly  exaggerated) 


In -situ  soil  moisture  was  monitored  by  a Soiltest  speedy  moisture  tester  which 
measures  the  gas  pressure  generated  by  a mixture  of  calcium  carbide  reagent  and 
test  site  material.  The  moisture  content  of  the  upper  0.  3 m of  the  test  site  ranged 
from  extremes  of  1, 5 wt  percent  to  9.0  wt  percent  but  more  typically  equaled  1.  5 
to  5. 0 wt  percent. 

Experiments  were  conducted  on  good  weather  days  when  local  wind  conditions 
were  suitably  calm.  Even  so,  higher  level  gusts  with  velocities  on  the  order  of 
1.  0 m/sec  may  have  influenced  the  trajectories  of  some  pellets. 

After  a test  shot,  the  pellets  were  relocated  and  their  range  from  the  center 
of  the  crater  determined  to  within  ± 0.  125  in. 


3.  PELLET  BEHAVIOR 


! • .1 

yjSH: 


In  order  to  describe  the  translation  of  the  bulk  of  the  crater  ejecta  by  tracking 
artificial  pellets,  the  pellets  should  ideally  behave  as  point  masses  during  the 
cratering  event.  This  means  that  the  pellet  could  be  replaced  by  a quartz  particle 
and  the  quartz  particle  would  be  translated  to  the  postshot  range  observed  for  the 
pellet.  Clearly  this  is  not  the  case.  The  pellet  sizes  are  necessarily  larger  than 
the  average  or  median  size  of  quartz  grains  in  order  to  permit  postshot  identifica- 
tion. Air  drag  resistance  to  pellet  motion  depends  upon  its  velocity,  surface  area, 
and  the  appropriate  drag  coefficient.  While  the  surface  area  of  the  pellets  is  larger 

than  that  of  the  quartz  grains,  the  drag  coefficient  characterizing  the  larger  pellet 

25 

sizes  should  generally  be  less  than  the  drag  coefficient  to  the  quartz  grains. 

These  counterbalancing  effects  make  it  difficult  to  contrast  pellet  translation  ranges 

with  the  throwout  distances  of  quartz  grains  of  comparable  density  initially  accel- 

25 

erated  to  similar  ejection  velocities.  However,  the  ballistic  studies  of  Sherwood 
indicate  that  pellet  behavior  should  generally  overestimate  the  translation  of  the 
smaller  sized  quartz  sand. 

The  initial  acceleration  of  material  ejected  by  the  explosive  cratering  event  is 
produced  by  (1)  the  interaction  of  the  individual  particle  with  the  compressional 
stress  wave  initially  generated  by  the  explosion  and  subsequent  rarefaction  waves 
reflected  from  the  free  surface  of  the  ground,  and  (2)  the  interaction  of  the  individ- 
ual particle  with  the  high  velocity  gases  produced  by  the  detonation  of  the  explosive. 

The  effect  of  the  size  difference  between  the  quartz  grains  and  the  artificial 
pellets  on  the  relative  particle  accelerations  imparted  by  the  stress  wave  inter- 
action mechanism  is  difficult  to  assess.  In  order  to  avoid  differential  accelera- 
tions of  the  in  situ  and  emplaced  mater  ials,  the  strength  of  the  pellet -quartz  sand 
interface  should  approximate  the  strength  of  the  quartz  sand.  It  is  not  clear  that 
this  is  the  case.  Recovered  pellets  occasionally  have  cone-shaped  cappings  of 
quartz  sand  that  appear  to  have  been  compressed  or  molded  onto  the  pellet  surface. 
This  may  indicate  that  grain  interaction  initially  accelerates  some  pellets  to  ejec- 
tion velocities  which  exceed  the  velocities  of  quartz  grains  initially  situated  in 
similar  preshot  positions. 

The  velocity  imparted  to  an  individual  particle  by  the  accelerated  gases  vented 
from  the  expanding  crater  cavity  will  be  proportional  to  the  particle  cross  section. 
Therefore,  the  larger  cross  section  of  the  pellets  may  cause  them  to  be  ejected  at 
initial  velocities  greater  than  the  velocity  that  would  be  imparted  to  a smeller 
quartz  particle  originally  situated  in  a similar  position.  This  would  imply  that  the 


25,  Sherwood,  A.E.  (1967)  Effect  of  air  drag  on  particles  ejected  during  explosive 
cratering.  Jour,  Geophys,  Res.  72:1783-1791. 
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postshot  pellet  range  represents  a maximum  estimate  of  the  postshot  i&nge  of  a 
quartz  particle  originally  in  a similar  position. 

It  is  difficult  to  quantitatively  estimate  the  extent  to  which  these  different  ef- 
fects influence  pellet  motion.  In  addition,  variations  in  pellet  translation  can 
result  from  (1)  azimuthal  variability  in  the  detonation  wave  that  travels  through 
the  explosive,  (2)  the  natural  heterogeneity  of  the  quartz  sand  test  medium,  and 
(3)  the  variability  of  local  air  currents.  The  densities  of  the  pellets  bracket  the 
range  of  density  of  the  natural  materials  that  make  up  the  quartz  sand  fill.  There- 
fore, by  considering  both  size  and  density,  the  actual  behavior  of  an  individual 
pellet  during  the  cratering  event  may  best  represent  the  behavior  of  the  coarsest 
fraction  of  the  natural  test  material.  In  a later  section,  the  translation  histories 
of  a group  of  pellets  lying  in  a common  radial  direction  will  be  compared  with  the 
translation  of  colored  quartz  sand  tracer  materials. 


4.  RESULTS 


The  pellet  experimental  program  can  be  divided  into  three  phases.  The  pur- 
pose of  the  first  group  of  test  shots  was  to  determine  the  effects  of  charge  size  on 
the  lateral  translation  of  the  artificial  pellets.  In  this  series  of  experiments,  the 
explosive  charge  weight  was  varied  from  1 to  4 lb  at  a constant  scaled-depth-of - 
uurst  (SDOB).  The  second  phase  of  experiments  was  designed  to  investigate  the 
effect  of  variable  scaled-depth-of -burst  on  the  postshot  pellet  distribution.  In  this 


explosive  series  the  charge  weight  was  constant  (5  lb)  and  the  scaled-depth-of  - 

1/3 

burst  varied  from  0.  20  approximately  0.  55  ft/ (lb  TNT)  . In  the  final  phase,  the 


generality  of  earlier  results  was  tested  by  repeating  the  second  phase  of  experi- 
ments using  another  type  of  explosive  and  different  pellet  materials.  The  results 
of  the  three  phases  will  be  discussed  in  this  section.  A compilation  of  the  experi- 
mental field  data  is  presented  in  Appendix  A, 


4.1  Crater  Dimensions 


The  relationship  between  crater  dimensions  and  the  scaled-depth-of -burst  of 
the  explosive  charge  for  all  the  craters  produced  by  this  experimental  program  is 
presented  in  Figure  4.  For  comparison,  the  crater  depth  (below  rim  crest)/ radius 
(rim  c.-est  radius)  ratios  observed  for  a series  of  smaller  scale  experimental  craters 


produced  at  the  University  of  Dayton  Research  Institute  (UDR1)  are  also  shown  in 
Figure  4C  (see  Piekutowski,  1974). 


26.  Piekutowski,  A.  J.  (1974)  Laboratory  Scale  High  Explosive  Cratering  and 
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The  explosion  craters  produced  by  the  present  experimental  series  in  quartz 
sand  are  consistently  deeper  and  more  bowl -shaped  than  the  smaller  scale  UDRI 
craters.  This  probably  reflects  the  greater  natural  cohesion  of  the  quartz  sand  fill 
used  in  this  study  in  contrast  to  the  Ottawa  sand  employed  in  the  UDRI  experiments. 

4.2  Presentation  of  Data 

27 

McGetchin  et  al  have  suggested  that  the  postshot  range  r of  a mass  point 
ejected  by  an  explosive  cratering  event  can  be  related  to  its  preshot  range  x, 
measured  from  surface  ground  zero,  by  a simple  power-law  expression  of  the  form 


c 


where  R is  the  crater  radius  and  the  exponent  c is  a negative  number.  The  form 
of  Eq.  (1)  is  particularly  useful  for  comparing  the  results  of  a series  of  pellet 
experiments  since  the  radial  distances  r and  x have  been  normalized  to  the  radius 
of  the  apparent  crater  lip,  R.  These  normalized  ranges  permit  comparison  of  the 
results  of  this  study  with  explosive  cratering  events  conducted  at  different  scales. 

A graphical  representation  of  the  experimental  data  is  schematically  outlined 
in  Figure  5A.  A linear  plot  of  the  power-law  expression  [Eq.  (1)]  for  a variety  of 
values  of  c produces  a family  of  curves  that  converge  as  x/R  approaches  1.0,  or, 
in  other  words,  near  the  crater  rim  where  x = R.  Larger  negative  values  of  c 
correspond  to  greater  distances  of  radial  translation  for  groups  of  pellets  em- 
placed at  ? common  depth.  It  is  more  convenient  for  the  purpose  of  this  study  to 
consider  the  pellet  data  in  the  logarithmic  coordinate  system  shown  in  Figure  5B, 

A logarithmic  plot  of  Eq.  (1)  yields  a family  of  straight  lines  which  similarly 
converge  near  the  crater  rim  where  log^lx/R  = 1.0)  * 0.  Representation  of  the 
experimental  pellet  data  in  this  form  will  reveal:  (1)  how  accurately  Eq.  (1)  des- 
cribes the  postshot  distribution  of  pellets  (note  that  a straight  line  fit  to  the  experi- 
mental data  would  verify  that  the  power-law  expression  provides  a 'perfect'  des- 
cription of  the  relationship  between  preshot  and  postahot  pellet  position);  (2)  the 
approximate  value  of  e for  groups  of  pellets  emplaced  at  specific  depths  within 
the  test  medium  (note  that  the  slo|>o  of  a line,  and  not  its  absolute  position  within 
the  logarithmic  plot,  defines  the  exponent);  and,  (3)  the  approximate  radius  of  the 
true  crater  of  excavation  (note  that  the  It  measured  experimentally  is  the  rim 
crest  radius).  Material  has  not  been  excavated  out  to  the  rim  crest  radius  K 

27.  McGetchin,  T.  R.,  Settle,  AL,  and  Head,  J.W.  (l!V?3b)  A model  for  the  distri- 
bution of  impact  crater  ejecta  and  its  implications,  EOS  Transactions  Am. 
Oeophys.  Union  54,  No,  jL357. 
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Figure  5,  The  Postshot  Range  r of  a Mass  Point  Can  Be  Related  to  Its  Preshot 
Range  x (measured  from  surface  ground  zero)  by  a Power  Law  Expression. 
Figure  5A  shows  a linear  plot  of  such  an  expression;  5B  shows  a logarithmic 
plot  of  the  same  expression.  Data  presented  in  this  report  will  be  plotted  in 
the  logarithmic  format 

since  the  material  underlying  the  apparent  rim  crest  consists  of  ejecta  and  struc- 
tural uplift.  The  true  limiting  range  at  which  material  has  been  excavated  can  be 
approximately  defined  as  the  range  x/R  at  which  a straight  line  logarithmic  fit  to 
the  pellet  data  equals  0.00.  Graphically,  tins  means  that  a straight  Hue  logarith- 
mic fit  to  the  actual  pellet  data  will  not  pass  through  log^lx/R  » 1.0)  * 0.00; 
however,  the  range  x/R  at  which  it  crosses  the  line  log^Cr/B  * 1.0)  * 0.00  will 
correspond  approximately  to  the  limiting  range  at  which  material  was  ejected  by 
the  cratering  event  (tliat  is,  the  true  radius  of  the  crater  of  excavation). 

Figure  SB  also  demonstrates  the  difficulty  in  determining  an  accurate  value 
for  the  exponent  c for  a group  of  pellet*  that  are  transported  So  relatively  small 
postshot  ranges.  This  is  the  range  of  values  of  r/R  in  which  the  straight  lines  in 
Figure  SB  converge.  The  recovery  of  pellets  transported  to  large  radial  ranges 
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(that  is,  the  region  in  which  the  straight  lines  diverge  in  Figure  5B)  is  extremely 
valuable  in  distinguishing  between  different  values  of  c. 

4.3  F.ffect  of  Charge  Size  on  Poataliol  Pellet  Dutribution 

Figures  6 and  7 show  the  results  of  two  series  of  explosive  cratering  experi- 
ments in  which  the  size  of  an  explosive  charge  of  Hi -velocity  gelatin  was  varied 
from  1 to  4 lb  at  a constant  scaled-depth-of -burst  of  0,00  and  0.15  ft/ (lb  TNT)1^3, 
respectively.  Both  acrylic  and  glass  pellets  were  simultaneously  employed  in 
these  two  series  of  explosion  cratering  experiments.  The  pellet  data  in  Figures  G 
and  7 demonstrate  that  the  acrylic  resin  and  the  silica  glass  pellets  were  trans- 
ported to  generally  similar  normalized  ranges  by  the  individual  cratering  events. 

No  consistent  discrepancy  exists  between  the  postshot  distributions  of  the  two 
types  of  pellet  materials. 

A straight-line  fit  to  the  experimental  pellet  data  appears  to  be  a reasonable 
approximation  of  the  lateral  translation  of  individual  pellet  groups  emplaced  at 
different  preshot  depths.  The  reference  line  c = -4  offers  an  approximate  des- 
cription of  the  distribution  of  postshot  ranges  for  the  group  of  pellets  nearest  the 
original  ground  surface  for  both  SDOB  = 0.00  and  SDOB  = 0.15  ft/ (lb  TNT)^3. 

In  Figure  6 (SDOB  = 0.00)  the  deeper  pellet  group,  originally  situated  at  a 
depth  of  2 in. , is  translated  to  significantly  shorter  ranges  than  the  pellet  group 
initially  situated  at  a 1-in.  depth.  This  consistent  relationship,  successively 
deeper  levels  of  material  being  transported  to  successively  shorter  postshot  ranges, 
results  in  the  inverted  stratigraphy  observed  in  the  rim  ejecta  deposit  produced  by 
larger  scale  cratering  in  layered  materials.  However,  in  Figure  7 (SDOB  = 0.15) 
the  difference  between  the  postshot  positions  of  pellets,  originally  at  a 1-in.  and 
2 -in.  depth  within  the  quartz  sand  test  medium,  is  much  less.  This  is  because 
both  the  1-in.  ard  2-in.  depths  within  the  test  medium  will  behave  as  near-surface 
'layers'  during  the  deeper  SDOB  = 0.15  event.  Kven  in  Figure  i,  the  deeper  pellets 
generally  travel  to  shorter  postshot  ranges  and  lie  below  the  postshot  range  curves 
of  pellet  groups  originally  situated  nearer  the  ground  surface. 

A further  comparison  of  Figure  7 with  Figure  6 suggests  that  the  slope  of  a 
straight  line  fit  through  the  1-in.  pellet  data  of  Figure  7 (not  shown)  would  gener- 
ally be  steeper  than  a similar  straight  line  fit  in  Figure  fi  (see  data  in  Appendix  A). 
In  relation  to  the  configuration  of  the  explosive  charge,  the  1-in.  pellet  group  in 
the  SDOn  = 0.15  case  lies  at  a 'shallower'  level  than  the  1-m.  pellet  group  in  the 
SDOB  = 0.00  case  and  shallower  levels  should  be  translated  farther.  Steeper 
curves  are  indicative  of  greater  lateral  dispersion  of  ejected  material  and  hence 
a more  energetic  excavation  process  at  specific  depths  and  explosive  SDOB. 
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This  effect  arises  in  the  experimental  data  from  a nonlinear  increase  in  the 
coupling  of  explosive  energy  into  the  quartz  sand  test  medium  with  increasing 

SDOB  particularly  in  the  near-surface  range  of  SDOB  from  0.00  to  approximately 
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0.15  ft/ (lb  TNT)  . In  addition,  the  lateral  confining  pressure  of  the  quartz  sand 
increases  with  depth.  This  stress  inhibits  the  growth  of  the  crater  and  limits 
initial  ejection  angles  to  generally  higher  values  (measured  from  the  ground  sur- 
face) with  increasing  SDOB.  Higher  ejection  angles  will  tend  to  limit  the  lateral 
dispersion  of  crater  ejecta.  The  pronounced  steepening  of  the  Figure  7 (SDOB  - 
0.15)  curves  can  thus  he  interpreted  in  terms  of  an  increase  in  the  efficiency  of 
explosive  coupling,  which  is  not  cancelled  by  the  corresponding  increase  in  lateral 
confining  pressures.  At  greater  SDOB,  the  increase  in  confining  pressure  (which 
inhibits  crater  growth)  compensates  the  increase  in  coupling  efficiency  (which  pro- 
motes the  formation  of  larger  craters). 

Figures  6 and  7 summarize  the  distribution  of  postshot  pellet  ranges  for  ex- 
plosion experiments  conducted  at  a constant  SDOB,  over  a »-  to  4 -lb  range  of 
charge  size.  Inspection  of  the  petlet  data  from  a particular  preshot  burial  depth 
in  each  case  demonstrates  no  consistent  change  in  lateral  translation  of  the  pellet 
group  with  variation  of  the  size  of  the  explosive  charge.  Figure  7A  (SDOB  = 0.15  , 
1-lb  charge)  appears  slightly  anomalous  in  comparison  with  the  other  three  expert- 
ments  performed  at  SDOB  - 0.15  ft / (tt>  TNT)  ‘ . The  cause  of  this  discrepancy 
is  unknown.  However,  the  uniformity  of  the  results  of  the  three  other  experiments 
suggests  that  heterogeneity  within  the  test  site  material  and/or  transient  wind 
conditions  may  account  for  the  pellet  data  presented  in  Figure  7A. 

Finally,  extrapolation  of  a straight  line  fit  to  the  pellet  data  in  both  Figures  G 
and  7 would  intersect  the  abcissa  log^fr/ll  = 1.0)  = 0 at  logj0<x/B)  * -0.05  to 
-0.15.  This  implies  that  the  radius  of  the  true  crater  of  excavation  is  approxi- 
mately equal  to  7 0 to  90  percent  of  the  measured  rim  crest  radius. 

1.4  F.ffrcl  of  F.x plosive  Scaled  Depth  of  flurat  on  Portihot  Pellet  Dintriliution 

In  order  to  observe  the  effect  of  the  variable  explosive  SDOB  on  the  transla- 
tion of  material  ejected  by  an  explosive  cratering  event,  a series  of  experiments 

employing  5-lb  Hi -velocity  gelatin  charges  was  conducted  at  SDOB  ranging  from 
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0.20  to  0.55  ft / (lb  TNT)  . The  distribution  of  postshot  pellet  ranges  for  pellet 
groups  emplaced  at  2 -in.  and  3 -in.  depths  in  the  quartz  sand  test  medium  are 
shown  in  Figure  8. 

Surprisingly,  the  pellet  data  in  Figures  8A  (SDOB  - 0.21)  and  8B  (SDOB  - 
0.42)  reveal  that  the  near-surface  pellet  groups  (2  to  3 in. ) within  the  quartz 
sand  have  been  translated  to  normalized  postshot  ranges  comparable  to  the  nor- 
malized throwout  distances  observed  for  the  corresponding  near-surface  pellet 
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groups  excavated  by  the  surface  burst  test  series  (see  Figure  6,  SDOB  = 0.00). 

In  both  cases,  a least -squares  fit  of  a straight  line  through  the  experimental  pellet 
data  would  be  reasonably  approximated  by  Eq.  (1)  with  the  exponent  c representing 
the  slope  of  the  line  approximately  equal  to  -4  ± 1 (see  Appendix  A). 

The  pellet  data  in  Figure  8C(SDOB  = 0.53)  is  somewhat  ambiguous.  The 
translation  of  the  two  groups  of  silica  glass  pellets  emplaced  at  a 2 -in.  depth  dif- 
fers. The  trend  of  the  data  from  the  repeated  experiment  is  similar  to  the  domin- 
ant trends  in  Figures  8A  (SDOB  = 0.21),  SB  (SDOB  = 0.42),  and  6 (SDOB  = 0.00). 
However,  the  slope  of  a straight-line  fit  to  the  2-in.  pellet  data  from  the  initial  ex- 
periment at  a SDOB  = 0.53  ft/ (lb  TNT)^3  is  shallower,  suggesting  a value  of 
c S -2,  The  cause  of  this  anomalous  distribution  of  normalized  pellet  throwout 
ranges  cannot  be  resolved.  In  the  absence  of  any  consistent  trend  in  the  data  for 
the  other  buried  cratering  events  [that  is.  Figures  8A  (SDOB  = 0.21)  and  8B 
(SDOB  = 0.42)],  it  is  possible  to  attribute  these  relatively  shallower  sloping  curves 
to  heterogeneous  physical  properties  within  the  test  site  material  and/or  transient 
wind  conditions.  Alternatively,  this  variation  may  be  real  in  the  sense  that  it 
indicates  a decrease  in  the  ability  of  the  explosive  cratering  event  to  laterally 
transport  ejected  material  at  relatively  larger  SDOB.  With  increasing  depth -of  - 
burst  of  the  explosive,  the  explosive  energy  released  upon  detonation  becomes  in- 
creasingly confined.  Thus,  since  particle  accelerations  are  initially  directed 
radially  away  from  the  explosive,  a transition  may  occur  with  increasing  SDOB 
at  which  lateral  particle  motions  are  suitably  confined  to  produce  a decrease  in 
postshot  threwout  ranges.  For  the  particular  charge  size  and  quartz  sand  medium 
used  in  these  experiments,  the  pellet  data  shown  in  Figure  8C  (SDOB  =0.53)  may 

be  indicating  a transition  in  the  ability  of  an  explosive  cratering  event  to  laterally 
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translate  material  at  a SDOB  = 0.55  ft/ (lb  TNT)  . This  would  suggest  that 
within  a certain  range  of  SDOB  bracketed  by  0.00  < SDOB  < 0.55  ft / ( lb  TNT)^3, 
the  excavation  process  achieves  a maximum  ability  to  laterally  translate  ejected 
material  beyond  the  crater  rim.  The  discrepancy  between  the  pellet  data  for  the 
2-in.  level  at  a SDOB  = 0.53  ft / (lb  TNT)1^  (Figure  80  may  reflect  the  effect  of 
variable  phys.  jal  properties  of  the  test  material  on  the  actual  value  of  such  a tran- 
sitional SDOB. 

Comparison  of  Figure  8 with  Figure  7 (SDOB  = 0,15)  demonstrates  that  the 
steepest  pellet -data  curves  (implying  the  greatest  lateral  translation  distances) 
observed  in  all  test  series  are  associated  with  the  SDOB  = 0.15  ft/ (lb  TNT)1^3 
explosive  cratering  events.  This  relationship  is  consistently  observed  in  Fig- 
ures 7B,  7C,  and  7D.  Therefore,  the  distributions  of  postshot  pellet  ranges 
shown  in  Figure  7 (SDOB  - 0.15)  cannot  reflect  natural  variations  in  the  quartz 
sand  or  transient  wind  conditions.  This  observation  supports  the  concept  of  a 


critical  SDOB  at  which  the  lateral  translation  of  ejected  material  is  at  a maxi- 
mum. Furthermore,  it  suggests  that  this  critical  SDOB  is  in  the  range  0. 10  to 
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0.20  ft / (lb  TNT)  for  the  quartz  sand  and  1-  to  5 -lb  explosive  charges  employed 

in  this  study. 

4.5  Effect  of  Experimental  Materials  on  Postshot  Pellet  Distribution 

A final  series  of  explosive  cratering  experiments  was  conducted  employing 

1.0-  and  1.1-lb  charges  of  C4  explosive  and  spherical  pellets  made  of  aluminum 

alloy.  A calibration  test  shot  using  acrylic  resin,  silica  glass,  and  aluminum 

pellets  and  a Hi -velocity  gelatin  explosive  was  conducted  at  a SDOB  = 0.26  ft/ (lb 
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TNT)  to  compare  the  behavior  of  the  three  pellet  types  in  a 'standard'  explosive 
cratering  event.  The  resulting  postshot  pellet  distributions  presented  in  Figure  9 
show  that  the  three  pellet  types  are  transported  to  generally  similar  normalized 
ranges. 

The  experimental  test  series  employing  the  C4  explosive  was  conducted  over 
a range  of  SDOB  varying  from  0.00  to  0.45  ft/ (lb  TNT)1^3.  The  results  presented 
in  Figure  10  support  the  generality  of  Eq.  (1)  with  c"  -4  + 1 as  an  empirical  des- 
cription of  the  translation  of  near  surface  material  ejected  by  an  explosive  crater- 
ing event  at  SDOB  = 0.00  and  at  0.23  < SDOB  < 0,45.  Unfortunately,  no  experi- 
ment was  performed  at  a SDOB  = 0.15  ±.0.05  ft/(lb  TNT)1^3  in  the  range  of  the 
critical  SDOB  suggested  by  the  results  of  the  earlier  experimental  series. 

Figure  10  also  demonstrates  that  deeper  levels  within  the  quartz  sand  test 
medium  are  translated  to  significantly  shorter  ranges  at  all  SDOB.  In  Figure  10D 
(SDOB  = 0.45),  the  results  of  two  explosive  cratering  experiments  conducted  at 
the  same  SDOB  are  presented  together.  These  results  show  in  part  the  variability 
of  the  behavior  of  the  quartz  sand  test  medium  which  is  ejected  and  transported  by 
the  cratering  event,  (Compare,  for  example,  the  data  for  the  3 -in.  pellet  depth 
from  the  two  experiments.  ) Figure  10D  also  shows  that  the  lateral  translation  of 
successive  depths  within  the  crater  of  excavation  can  be  described  by  a series  of 
equations  having  the  form  of  Eq.  (1)  with  the  exponent  c varying  from  — 4 to  - -1 
with  increasing  excavation  depth.  The  possibility  of  comprehensively  describing 
the  translation  of  material  transported  by  an  explosive  cratering  event  will  be  ex- 
plored in  the  following  section. 


Hi -velocity  gelatin  explosive 


Figure  9.  Distribution  of  Normalized  Pellet  Postshot  Range  for  a Series  of  Exper- 
iments Employing  a Variety  of  Pellet  Materials  and  a 0.  4-lb  Charge  of  Hi -velocity 
Gelatin  Explosive  in  a SDOB  = 0.  26  ft / (lb  TNT)1'3  Configuration.  The  label  "1-in. 
acrylic"  refers  to  a group  of  acrylic  resin  pellets  emplaced  at  a 1-in.  depth  within 
the  quartz  sand  prior  to  th*  explosion  (see  Table  1 for  other  pellet  types) 


5.  DISCUSSION 


The  excavation  process  which  accelerates  material  above  the  original  ground 
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surface  is  made  up  of  two  component  mechanisms.  ’ One  mechanism  is  the 
complex  interaction  of  the  initial  shock  stress  wave  with  the  subsequent  suite  of 
rarefaction  waves  produced  by  reflection  of  the  stress  wave  from  the  ground  (free) 
surface.  This  family  of  rarefaction  waves  is  essentially  a broad  relaxation  pulse 
which  provides  for  the  continuous  decompression  of  the  shock -stressed  material. 
The  initial  stress  wave  accelerates  material  radially  away  from  the  point  of  de- 
tonation while  the  rarefaction  wave  tends  to  re -orient  the  direction  of  individual 

O 

particle  velocity  (see  Gault  et  al  ).  Near  the  free  (ground)  surface  the  particle 
acceleration  supplied  by  the  stress  and  rarefaction  waves  act  in  a similar,  out- 
ward direction.  Material  near  the  free  surface  is  ejected  at  approximately  twice 
the  particle  velocity  to  which  material  was  initially  accelerated  by  the  stress 
wave.  This  phenomenon  of  stress  wave  interaction  in  the  vicinity  of  the  free  sur- 
face has  been  termed  'spalling'.  In  hard  rock  materials,  spalling  creates  new 

free  surfaces  below  the  original  ground  surface  permitting  continued  stress  wave- 
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free  surface  interaction  beneath  the  original  ground  surface.  In  granular  and 
soft  rock  materials,  particle  accelerations  induced  by  the  initial  stress  wave  and 
the  subsequent  rarefaction  waves  do  not  act  in  the  same  direction  below  the  imme- 
diate ground  surface.  The  tensile  rarefaction  waves  cause  the  radial  flow  field 
established  by  the  initial  stress  wave  to  diverge.  As  a result,  the  acceleration  of 
individual  particles  is  re-oriented  upward,  contributing  to  the  ejection  of  material 
beyond  the  transient  rim  of  the  growing  crater  and  the  plastic  deformation  of  sub- 
strate material.  This  wave  interaction  phenome"on  has  been  termed  'lateral  flow' 

Q 

by  Gault  et  al.  In  both  cases,  spall  and  lateral  flow,  the  kinetic  energy  of  the 

ejected  material  is  derived  from  the  interaction  of  compressive  and  tensile  stress 

waves  propagating  through  the  target  or  test  material. 

The  second  mechanism  that  excavates  and  ejects  material  from  an  explosion 
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crater  is  gas  acceleration.  Nordyke  has  described  how  the  initial  acceleration 

of  ejected  material  can  be  significantly  increased  by  the  venting  or  expansion  of 

gases  produced  by  the  detonation  of  the  explosive  materials. 

28 

Nordyke  has  hypothesized  that  the  wave  interaction  mechanism  dominates 
the  excavation  process  at  shallow  explosive  depths -of -burst  and  is  replaced  by 

28.  Nordyke,  M.  D.  ( 1961)  Nuclear  craters  and  preliminary  theory  of  the  mechanics 

of  explosive  crater  formation,  Jour,  Gcophys.  Res.  66:3439-3459. 

29.  Short,  N.M,  (1965)  A comparison  of  features  characteristic  of  nuclear  explo- 

sion craters  and  astroblemes,  Annals  N.  Y.  Acad.  Sci.  123:573-616, 
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30.  Horz,  F.  (1969)  Structural  and  mincralogical  evaluation  of  an  experimentally 

produced  crater  in  granite.  Contributions  Mineralogy  Petrology  2 1:365-377. 
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the  gas  acceleration  mechanism  at  larger  depths -of -burst  (see  Figure  11).  At 
intermediate  depths -of -burst,  both  mechanisms  are  important.  In  turn,  experi- 
mental investigations  have  attempted  to  relate  the  morphology  and  distribution  of 
explosion  crater  ejecta  deposits  to  the  two  components  of  the  excavation  process. 
For  example,  the  study  of  pellet  data  from  the  Air  Vent/Flat  Top  Series  of 


Figure  11.  (A)  Schematic  Representation  of  the  Relative  Im- 
portance of  the  Mechanisms  of  Spall,  Gas  Acceleration,  and 
Compression  in  the  Formation  of  Explosion  Craters  with  In- 
creasing SDOB  (after  Nordyke,  1961),  (B)  Spall  and  Gas  Accel- 
eration are  the  Two  Processes  Responsible  for  Transporting 
Ejecta  Beyond  the  Crater  Rim.  The  relative  importance  of 
these  two  mechanisms  at  different  SDOB  is  implied  bv 
Nordyko's  (1961)  model 
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explosion  cratering  experiments  in  playa  and  limestone  mediums,  led  Ahlers 
32 

and  Anthony  to  characterize  regions  within  the  crater  of  excavation  as  sources 
of  "ballistic  ejecta"  and  "scoured  ejecta"  (Figure  12),  These  terms  attempted  to 
distinguish  material  that  was  accelerated  and  ejected  into  clearly  definable  ballis- 
tic trajectories  (that  is,  "ballistic  ejecta")  from  other  material  that  appeared  to 
be  pushed  or  shoved  up  and  over  the  crater  lip  (that  is,  "s  cured  ejecta").  Ballis- 
tic ejecta  originated  from  near  ground  zero  and  regions  adjacent  to  the  explosive 
charge  and  was  transported  to  large  postshot  ranges.  Scoured  ejecta  originated 

from  regions  beneath  and  beyond  the  ballistic  zone  and  it  was  transported  to  rela- 
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tively  small  radial  ranges  (see  also  Merritt,  1968). 

The  maximum  acceleration  due  to  spalling  can  be  anticipated  at  surface 
ground  zero  where  the  magnitude  of  the  stress  wave  at  the  time  of  reflection  will 
be  greatest  (that  Is,  the  travel  time  of  the  shock  wave  at  the  time  of  reflection  will 
be  a minimum  directly  above  the  detonation  point).  The  fact  that  the  area  adjacent 
to  surface  ground  zero  is  the  source  region  of  ballistic  ejecta  suggests  an  associa- 
tion between  this  material  and  the  spall  mechanism.  The  additional  observation 
that  the  ballistic  ejecta  travels  to  distant  ranges  and  is  thus  initially  accelerated 
to  higher  ejection  velocities  than  scoured  ejecta,  also  supports  such  an  associa- 
tion. Alternatively,  the  source  region  of  scoured  ejecta  is  situated  at  some  dis- 
tance from  the  detonation  point.  The  acceleration  mechanism  responsible  for  the 
acceleration  of  the  scoured  ejecta  can  be  inferred  to  be  somewhat  weaker  than  the 
dominant  ballistic  ejecta  mechanism  since  this  material  is  translated  to  signifi- 
cantly shorter  ranges.  In  this  case,  an  association  is  implied  between  the 
scoured  ejecta  and  the  gas  acceleration  mechanism.  However,  neither  of  these 
mechanisms  is  solely  responsible  for  the  translation  of  individual  ejecta  particles. 
Both  spall  and  gas  acceleration  contribute  to  the  kinetic  energy  of  an  ejecta  par- 
ticle. though  the  combination  of  the  two  component  accelerations  is  undoubtedly 
more  complicated  than  the  simple  vector  addition  of  these  two  forces  for  individual 
particles. 
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The  results  of  Ahlers  and  Anthony  “ indicate  that  each  of  the  two  different 
mechanisms  may  dominate  the  excavation  process  for  significantly  different 
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Ejecta  Source  Regions  Within  the  Original  Ground  Surface  for  Large  Scale  Explosion  Cratering  Experi- 
text  for  references).  Note  that  compression  of  substrate  material,  fallback,  and  post -excavation  slump - 
inificantty  restructure  the  geometry  of  the  ejecta  source  region  to  produce  the  apparent  crater.  (SDOB 


portions  of  the  crater  of  excavation  (see  Figure  12).  This  is  in  addition  to 
28 

Nordyke's  hypothesis  that  each  of  the  two  different  excavation  mechanisms 
should  dominate  the  overall  excavation  process  at  different  depths -of -burst  (see 
Figure  11).  Furthermore,  the  relative  position  of  the  ballistic  and  scoured  zones 
within  the  crater  of  excavation  mapped  by  the  pallet  data  from  the  Flat  Top  Series 
suggests  that  ballistic  ejecta  is  unloaded  at  an  earlier  stage  of  crater  formation 
and  is  chronologically  followed  by  excavation  of  scoured  ejecta  (Figure  12). 

The  later  studies  of  Henny  and  Carlson*  were  directed  towards  a quantitative 
description  of  the  block  distribution  produced  by  explosive  cratering  in  a hardrock 
basaltic  medium.  Their  results  characterize  three  modes  of  ejecta  deposition: 

Mode  I consists  of  a blanket  of  missiles  extending  from  the 
continuous  ejecta  distribution  being  roughly  symmetrical  to 
the  crater.  Mode  II  consists  of  missiles  forming  tongue- 
like structural  lineaments  extending  radially  out  from  the 
crater.  Mode  III  consists  of  a number  of  missile  clusters 
and/or  individual  missiles  superimposed  upon  the  first 
two  modes  and  extending  from  the  immediate  vicinity  of 
the  crater  outward  to  the  maximum  depositional  range. 

These  three  depositional  modes  were  then  related  to  initial  ejection  conditions 
which  determine  the  ballistic  trajectories  of  individual  particles.  Mode  1 is  inter- 
preted as  an  extension  of  the  continuous  deposit  ejected  from  the  crater  of  excava- 
tion at  relatively  small  angles  (for  example,  less  than  25®  measured  from  the 
original  ground  surface).  Mode  II  is  interpreted  as  material  initially  ejected  at 
intermediate  angles  (for  example,  25*  to  65®).  Finally,  Made  III  material  is  in- 
ferred to  be  high-angle  ejecta  which  remains  in  flight  for  longer  periods  of  time 
and  is  generally  superimposed  upon  the  first  two  morphologies.  Though  the  sep- 
arate modes  are  interpreted  as  beginning  and  ending  in  order,  all  three  may  occur 
simultaneously  at  intermediate  ranges.1 

There  is  no  straightforward  relationship  that  defines  the  relative  ejection 
velocity  of  particles  which  are  ejected  at  different  angles.  Qualitatively,  however, 
photographic  investigation  of  the  early  stages  of  excavation  suggests  that  ejection 
angle  generally  decreases  as  the  radius  of  the  transient  crater  increases.* 

Since  material  directly  overlying  the  detonation  point  achieves  the  maximum  ejec- 
tion velocity,  it  is  probable  that  the  fastest  material  is  ejected  at  the  oiglwr  ejec- 
tion angles  'measured  from  the  ground  surface).  Therefore,  it  is  possible  that  the 
successively  higher  modes  of  ejecta  deposit  morphology  are  associated  wihboth 
larger  ejection  angles  and  greater  particle  ejection  velocities.  * 

The  empirical  description  of  the  translation  of  pellet  strings  developed  in  the 
previous  section  (see  Kq. ( I)J  is  not  related  to  specific  excavation  mechanisms. 
Rather,  it  expresses  the  observed  relationship  between  pre-event  and  post -event 
pellet  position  without  reference  to  tlie  mechanics  of  excavation  process.  As 
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suggested  previously,  it  may  be  possible  to  extend  the  simple  power-law  expression 
to  a descripti  of  the  translation  behavior  of  pellets  emplaced  at  a variety  of  levels 
within  the  crater  of  excavation.  Ideally,  parametrization  of  the  power-law  exponent 
c in  terms  of  relative  depth  within  the  crater  of  excavation  and  the  scaled  depth  of 
burst  of  the  explosive  charge  would  permit  a continuous  description  of  pellet  trans- 
lation for  a variety  of  explosive  cratering  events.  This  is  attempted  in  Figure  13 
where  t.ie  value  of  the  exponent  c (that  is,  the  slope  of  the  straight  line  determined 
by  a least -squares  fit  of  the  pellet  translation  data  presented  in  Appendix  A)  is 
plotted  as  a function  of  relative  depth  within  the  crater  (that  is,  the  ratio  of  the 
depth  of  burial  of  individual  pellet  groups /depth  of  the  fresh  crater  measured 
from  the  original  ground  surface)  for  a variety  of  SDOB.  It  appears  that  the  varia- 
tion in  c can  be  generally  described  by  an  S -shaped  curve  trending  front  large 
negative  values  of  c for  shallow  levels  within  the  crater  of  excavation  to  smaller, 
limiting  negative  vatues  of  c for  deeper  levels.  This  conforms  to  the  earlier  qualitative 
observation  that  successively  deeper  levels  within  the  crater  of  excavation  are  laterally 
translated  to  relatively  shorter  ranges  since  larger  negative  rvalues  characterize 
larger  radial  translations.  In  the  deeper  portions  of  the  crater  of  excavation,  compres- 
sive deformation  and  plastic  flow  of  the  underlying  material  plays  a significant  role  in 
crater  formation.  The  methods  of  surveying  preshot-  and  postshot -pel  lei  positions 
employed  in  these  experiments  were  not  sufficiently  accurate  to  warrant  pellet  emplace- 
ment at  depths  greater  than  approximately  half  the  anticipated  crater  depths  where  the 
phenomenon  of  plastic  flow  would  considerably  complicate  pellet  translation. 

Figure  13  describes  the  average  behavior  of  the  artificial  pellets  and  the  gran- 
ular quartz  sand  test  medium  over  the  range  of  ground  moisture  conditions  and 
localized  particle  size  distributions,  and  the  performance  of  the  explosive  charges 
over  their  effective  energy  yields  and  their  effective  yield  of  >«aseous  products 
which  characterized  tee  entire  test  program.  However,  the  relative  sea'.ter  over 
a range  of  depth  and  $1)011  demonstrates  that  for  a particular  explosive  cratering 
event  (that  is,  SUOH  * constant),  the  translation  of  pellets  at  different  levels  within 
the  granular  quartz  sand  is  most  variable  near  the  surface  and  becomes  less  vari- 
able with  Increasing  depth.  In  addition,  the  relative  position  of  the  approximate 
bounds  which  have  been  placed  on  the  pellet  data  at  different  SDOB  (Figures  ISA. 

B,  and  tt)  indicate  that  within  inerc  sing  SDOB  the  radial  translation  of  near- 
surface pellet  strings  id  < 0."*  d 1 is  significantly  attenuated  while  the  relative 
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tranSlat  on  of  intermediate  levels  within  the  crater  of  excavation  10.2  d < d * 0.4  d l 

cr  rr 

remains  approximately  the  same. 

The  possibility  of  a critical  near-surface  SDOB.  at  which  pellet -translation 
distances  achieve  a maximum,  is  suggested  by  the  large  negative  values  of  e asso- 
ciated with  shallow  depths  id  - 0.1  d ) for  SDOB  * 0.  IS  flH\U  TNT)19  in 
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Kt^urs  13.  A Comparison  of  the  Variation  of  the  Kstvwent  > (fratn 
&<t.  II  with  tkfrtb  Within  th*  Kje-cta  Soiree  tWgtnh  ter  a Variety  M 
SixJQ,  This  exponent  sSesecsoer  the  relative  translation  «f  the 
artificial  pellets.  fAl  SDOf)  * 0.?K)  ftH\h  TNT)*3;  fill  .SIKU4  * 

0.  !5  ftfCth  TNT)13;  <C»  0.44  < SIKm  e 0.54  ftfflb  TNT)*3.  Note 
that  the  crater  -itpth  employed  here  is  measured  from  the  original 
cirocnd  surface 


Figure  13D.  Such  a maximum  has  at  jo  been  suggested  by  the  preliminary  results 

of  the  current  U.S.  Army  program  concerned  with  the  effects  of  subsurface  explo- 
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sions,  Project  ESSEX,  In  the  context  of  the  earlier  discussion  of  excavation 
mechanisms,  this  value  of  SDOB  may  approximately  mark  the  maximum  in  the 
lateral  translation  of  ejected  material  produced  by  the  combined  effects  of  spall 
and  gas  acceleration  shown  schematically  in  Figure  11. 

The  results  of  this  small-scale  experimental  program  can  be  compared  with 
two  large-scale,  20-ton  TNT  explosive  cratering  events,  in  which  detailed  pellet 
experiments  were  also  conducted.  The  results  of  these  .urge-scale  experiments, 
in  which  several  hundred  artificial  pellets  were  used,  are  presented  schematically 
as  regions  within  the  crater  of  excavation  which  are  transported  to  some  limiting 
postshot  range.  Such  regions  are  delineated  by  equal  postshot  range  contours  within 
the  crater  of  excavation  similar  to  the  generalised  contours  shown  in  F*«rure  12. 

The  vadictl  variation  of  the  position  of  inferred  isonnge  contours  within  the  crater 
of  excavation  of  the  Stagecoach  (SDOB  = 0.50  it/(lb  TNT)1^,  in  alluvium)  and  Air 

l fa 

Vent  I (SDOB  » 0.50  ft/ {It*  TNT)  , in  playa)  events  have  been  fitted  to  the  power- 
law  expression  used  in  this  study  at  different  depths  within  the  crater  of  excavation 
(see  Vortman  and  MacDougall  (1962)  and  Merritt  (1068).  respectively). 33.35  ^ote 
that  translation  data  was  not  available  for  material  initially  situated  at  ranges  less 
than  0.2  crater  radii  from  surface  ground  rero,  see  Figure  12. ) The  trend  of  the 
Stagecoach  and  Air  Vent  1 curves  in  Figure  14  generally  corresponds  to  the 
SDOB  * 0,50  ft/(lb  TNT)  ^ data  produced  by  the  present  study,  but  consistently 
lies  at  smaller  negative  e values.  Such  values  indicate  smaller  nor »vaU#ed  trans- 
lation ranges  for  the  emplaced  pellets  and  are  to  be  expected  for  larger  scale 
events  in  which  (1)  test  medium  materials  are  better  consolidated  and  (2)  greater 
charge  yields  for  events  with  similar  SOQl?  require  larger  actual  depths  -of -b.uirst 
which  result  in  larger  lateral  confining  pressures  in  the  region  of  charge  detona- 
tion (see  Sun.  19T0;  White.  19T3V.5^*5T 

The  pellet -translation  experiments  presented  in  this  study  have  employed  loose, 
relatively  dry  quarts  sand  under  very  low  confining  pressures  a*  a test  medium. 
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Thus,  the  values  of  c describing  pellet -postsliot  distribution  reported  here  should 
represent  maximum  negative  values  when  compared  with  larger  scale  explosion 
events  in  other  geological  environments. 

The  results  of  the  present  study  can  also  be  compared  with  smaller  scale  ex- 
plosion cratering  experiments  conducted  at  the  University  of  Dayton  Research 
Institute  (UDRI)  using  - 2-gm  lead  azide  charges  in  Ottawa  sand."  l)yed  sand 

was  employed  as  a tracer  material  in  a series  of  experiments  in  order  to  delineate 
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transl  ition  ranges  of  material  ejected  from  the  crater  of  excavation.  I. east - 

square  fits  to  the  power-law  expression  used  in  this  study  were  performed  using 
the  data  of  Andrews38  for  SDOB  = 0.00  and  SDOB  ? 0.11  ft/(lb  TNT)'3,  and  are 
presented  in  Figure  14.  (Note  that  translation  data  for  material  is.iUaMy  situated 
at  ranges  less  than  0.2 -crater  radii  was  not  well  resolved  and  was  not  used  in 
calculating  the  power-law  exponents  shown  in  Figure  14.)  Remarkably,  there  is 
a similarity  between  the  variation  of  the  mapping  exponent  e,  with  depth  within  the 
crater  of  excavation  for  the  small  scale  UDRI  experiments  and  the  much  larger 
scale  20-ton  experiments.  In  comparison,  the  normalized  translation  ranges  of 
the  artificial  pellets  employed  by  the  present  study  are  much  greater  than  the 
normalized  ejet  ta -translation  ranges  reported  by  the  smaller  scale  experiments 
and  the  normalized  pellet -translation  ranges  reported  by  the  large-scale  experi- 
ments. This  contrast  is  particular)  v surprising  with  regard  t > the  smaller  scale 
(UDRI)  experiments  in  which  smaller  lateral  confining  pressures  would  a priori 
have  suggested  greater  normalized  ejecta -translation  ranges  (that  is.  larger  nega- 
tive values  of  the  exponent  ei  than  the  pellet -translation  results  of  the  present 
Study, 

The  fact  that  the  artificial  pellets,  employed  in  this  study  are  thrown  to  such 
anomalously  large  normalised  ranges,  indicates  that  they  are  net  being  translated 
in  the  same  manner  as  the  hulk  of  the  ejecta.  Tin*  critic  *1  difference  between  the 
experiments  conducted  here  and  t*-e  explosion  events  cond.vted  at  larger  and 
Smaller  scales,  is  the  {elation  of  pellet  sire  to  ejecta -part  vje  ssae,  in  the  small  - 
Seale  experiments . dyed  sand  was  em-p  need  «>  the  tracer  material,  and  so  the  *t#c 
of  the  'pellet'  tracer  was  approximately  e«t«af  to  that  e?  the  ejecta  jurtklc.  ?«  the 
larger  scale  experiments,  artsfici-d  pellets  ranged  to  sire  from  If?  ?e  i -1-2  ie.5  <* 
white  ejecta  particles  spanned  a larger  *5*e  range  which  snrluded  the  s?se*.  rf  the 
emplaced  pellets,  in  this  stndv,  the  artificial  Pellets  were  cenststentlv  larger 
than  the  sparsest  fraction  of  the  ^uartf  sand  fill,  therefore,  the  simil-arifv  of 
ejerta-*rans5ati«n  results  ef  the  small  -scaSe  I'lHll  experiments  Jpellet  idyed  s-andi 

Mi.  Andrews.  R,  J.  Qflgi1)  a-.d  ttjsttMiutiwr  of  ?.j<* da  from  Vcar  '^-jrprt 
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Institute,  telae  puhl  1 * he  d 7lF\vt"*-t  li  -•  5 , Ai-  Force  tty-apeevs  lab. ; Kirtland 
AFR,  New  Mexico. 
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Figure  14.  A Comparison  of  the  Variation  of  the  Exponent  c [from  Eq.  (1)]  with  Depth  Within  the  Ejecta  Source 
gion  for  Explosion  Experiments  Conducted  Over  a Wide  Range  of  Charge  Size.  Note  that  for  the  Stagecoach,  Ai] 
and  UDRI  experiments  crater  depth  is  measured  from  the  original  ground  surface.  Data  trends  from  Figure  13 


particle  size  = ejecta  particle  size]  and  the  large-scale  experiments  (pellet- 
particle  size  - limited  fraction  of  ejecta -particle  size)  suggests  that  these  results 
represent  reasonable  descriptions  of  the  translation  of  the  bulk  of  the  crater  ejecta. 
Thus,  for  explosion  craters  with  shallow  depths -of -burst  (0.00  < SDOB  S 0.55)  in 
relatively  unconsolidated  geological  materials,  the  translation  of  material  ejected 
from  the  upper  one -third  to  one -half  of  the  crater  of  excavation  can  be  approxi- 
mately described  by  Eq.  (1)  in  which  the  exponent  c = -2.5+  1.0. 

On  the  other  hand,  the  present  study  indicates  that  the  coarsest  fraction  of 
the  material  ejected  by  explosive  events  with  shallow  SDOB  travels  to  significantly 
greater  ranges  than  finer -sized  material  originally  situated  in  a similar  preshot 
position.  Essentially,  this  is  a restatement  of  the  general  sorting  effects  of  atmo- 
spheric drag  on  ejecta  deposition:  finer  material  is  preferentially  decelerated  and 

deposited  near  the  crater  rim  while  the  ballistic  trajectories  of  larger  fragments 

25 

are  relatively  lees  affected  by  the  atmosphere.  However,  a comparison  of  the 
pellet -translation  data  of  the  present  study  with  the  ejecta -translation  results  of 
the  larger  and  smaller  scale  experiments,  permits  a more  quantitative  description 
of  the  actu  d size -related  differences  in  the  translation  of  explosion  crater  ejecta. 

In  particular,  for  shallow  explosive  events  in  relatively  unconsolidated  geological 
materials,  the  pellet -translation  results  presented  here  suggest  that  the  transla- 
tion of  the  coarsest  fraction  of  r.ear-surface  ejecta  may  be  approximately  described 
by  a power-law  expression  of  the  form  of  Eq.  (1),  in  which  the  exponent  c = -4.0 
+ 1.0.  Furthermore,  a maximum  in  the  lateral  translation  of  the  coarsest  size 
fraction  of  the  ejected  material  may  occur  at  a critical,  near-surface  SDOB. 

Such  a maximum  in  the  normalized  translation  range  of  the  coarsest  ejecta-size 
fr?  ctions  would  not  appear  to  correspond  to  the  SDOB  which  produces  a maximum 
crater  volume. 

6.  CONCLUSIONS  AND  IMPLICATIONS 

(1)  The  excavation  of  explosion  crater  ejecta  is  a complicated  process  which 
consistently  transports  successively  deeper  levels  of  the  target  or  test  medium  to 
successively  smaller  ranges  beyond  the  crater  rim.  Postshot  analysis  of  the  dis- 
tribution of  emplaced  pellets  in  large-scale  20-ton  TNT  experiments  and  the  dis- 
tribution of  dyed-quartz  sand  tracer  materials  excavated  by  small-scale  gram -sized 
explosive  events  indicate  that  the  bulk  of  the  ejected  material  originates  from  the 
upper  portions  of  the  crater.  This  material  is  excavated  as  a continuous  sequence 
of  nested  spherical  segments  or  shells  as  the  crater  grows.  Furthermore,  the 
lateral  translation  of  the  bulk  of  the  material  ejected  by  shallow  explosive  events 
(0,00  < SDOB  < 0.55  ft/ (lb  TNT)1^3)  within  poorly  consolidated  geological  materials 
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(for  example,  sand  and  alluvium)  is  a surprisingly  uniform  phenomenon  and  can 
be  empirically  described  by  the  expressions 


•—  cc/^  when  c=  -2.5  ± 1.0 

' ' (bulk  of  the  ejecta) 


The  lateral  translation  of  2jecta  originating  from  the  upper  portions  of  the  crater 
of  excavation  remains  approximately  constant  for  0.00  < SDOB  < 0.55  ft/ (lb  TNT)  ^ 
explosive  events  in  poorly  consolidated  geological  materials,  whereas  the  crater 
depth/radius  ratio  increases  by  a factor  of  two  with  increasing  SDOB, 

Further  experiments  in  a variety  of  softrock  and  hardrock  materials  would 
permit  parametrization  of  the  mapping  exponent  c for  the  bulk  of  the  ejected 
material  in  terms  of  the  physical  properties  of  different  earth  media.  Such  a 
functional  form  for  the  mapping  exponent  could  be  used  to  quantitatively  predict 
the  postshot  range  of  explosion  crater  ejecta  as  a function  of  its  original  position, 
the  event  SDOB,  and  the  physical  properties  of  the  target  or  test  medium, 

(2)  The  coarsest  fraction  of  explosion  crater  ejecta  derived  from  unconsoli- 
dated geological  materials  will  be  translated  to  ranges  which  are  much  greater 
than  the  radial  throwout  distances  which  characterize  finer-sized  material  initially 
situated  in  a similar  preshot  position.  Values  of  c in  the  previous  power -law  ex- 
pression, which  describe  the  translation  of  this  coarse-size  fraction,  lie  in  the 
range  c = -4.0  + 1.0 . 

A comparison  of  the  behavior  of  groups  of  artificial  pellets  emplaced  within 
quartz  sand  demonstrates  that  (a)  the  translation  of  coarse  material  at  near -surface 
levels  is  more  highly  variable  than  the  translation  of  coarse  material  at  interme- 
diate levels  for  a particular  type  of  event  (that  is,  SDOB  = constant),  and  (b)  that 
with  increasing  SDOB,  the  translation  of  coarse  material  from  near -surface 
levels  is  more  strongly  attenuated  than  the  translation  of  coarse  material  originat- 
ing at  intermediate  levels  within  the  crater  of  excavation.  These  results  imply 
that  shallow  bursts  in  poorly  sorted  unconsolidated  geologic  materials  may  eject 
significant  amounts  of  blocky  fragmental  material  well  beyond  the  range  of  the  con- 
tinuous ejecta  deposit.  Further  experiments  in  unconsolidated  materials  with  dif- 
ferent ranges  of  particle  size  would  permit  parametrization  of  the  mapping  expo- 
nent c for  the  coarsest  ejecta -size  fraction  in  terms  of  the  degree  of  sorting  of 
such  materials. 

(3)  This  study  suggests  that  the  lateral  translation  of  coarser  fractions  of 
explosion -crater  ejecta  derived  from  unconsolidated  geological  materials  may  be 
maximized  at  a particular  SDOB.  Such  a critical  SDOB  for  the  translation  of  the 
coarse  -sized  ejecta  should  not  necessarily  correspond  to  the  SDOB  producing 
maximum  crater  volume.  The  artificial  pellets  and  quartz  sand  fill  materials 
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suggest  that  this  critical  SDOB  = 0.15  + 0.05  ft/ <lb  TNT)^3  for  small  explosive 
charges  (1-  to  10 -lb  TNT  equivalent).  Current  understanding  of  the  relationship 
between  crater  excavation  and  the  process  of  ejecta  deposition  implies  that  the 
development  of  rays,  and  fragment  chains  and  clusters  within  the  zone  of  discon- 
tinuous deposition  should  be  extensive  for  explosive  events  conducted  at  such  .. 
critical  SDOB. 

The  threat  that  natural  missiles  pose  to  a nearby  target  surface  is  proportional 
to  their  size  and  velocity.  Thus,  a major  conclusion  of  this  study  is  that  knowledge 
of  the  average  translation  of  the  bulk  of  the  ejected  material  places  a minimal  con- 
straint on  the  siting  of  "safe"  surface  structures.  More  realistic  siting  criteria 
should  be  based  upon  the  translation  of  the  coarser  fractions  of  the  explosion  crater 
ejecta  deposit. 

(4)  Models  of  ejecta  translation  can  be  combined  with  models  of  energy  distri- 
bution and  stress  wave  propagation  in  order  to  predict  the  post -event  location  of 
material  which  has  experienced  various  degrees  of  shock  metamorphism.  This 
material  can  then  be  sampled  directly  within  the  ejecta  deposit  and  its  post -event 
strength  and  physical  properties  can  be  studied  in  the  laboratory  in  detail.  In 
turn,  improved  understanding  of  how  specific  shock  stress  histories  change  the 
measurable  physical  properties  of  geological  materials  will  make  it  possible  to 
employ  individual  ejecta  samples  as  in-situ  barometers  which  reflect  transient 
stress  conditions  within  the  crater  at  the  time  of  formation.  Ultimately,  knowledge 
of  the  initial  stress  distribution  produced  by  the  explosive  event  and  the  postshot 
distribution  of  stress -induced  physical  property  changes  in  the  ejected  material 
will  supply  the  quantitative  boundary  conditions  required  for  a comprehensive 
model  of  ejecta  translation. 

(5)  Caution  is  required  in  extrapolating  the  results  of  this  study  of  explosion 
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crater  ejecta  to  the  case  of  impact  cratering.  Oberbeck  and  Baldwin  have 
demonsti-al  ed  the  similarity  of  crater  dimensions,  ejecta  cloud  growth,  and  sub- 
crater deformation  which  can  exist  between  craters  formed  by  impact  and  craters 
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formed  by  explosions  within  a limited  range  of  SDOB.  However,  Oberbeck  has 
also  demonstrated  that  projectile  velocity  critically  influences  impact  crater  dimen- 
sions and  subsurface  deformation.  Projectile  velocity  may  also  critically  influence 
the  lateral  translation  of  impact  crater  ejecta.  The  results  of  this  study  indicate 
that  changes  in  the  shape  of  explosion  craters  and  the  role  of  compressional  defor- 
mation in  crater  formation  do  not  severely  change  the  observed  translation  of  the 
bulk  of  the  ejecta  excavated  by  a variety  of  near-surface  explosive  cratering  events. 
Since  shallow  SDOB  events  (SDOB  = 0,25  i 0.10  ft/ (lb  TNT)^3)  provide  an  approxi- 
mate analogy  to  the  features  of  impact  cratering  mentioned  above,  this  study  tentatively 
supports  the  concept  that  the  lateral  translation  of  impact  crater  ejecta  normalized  to 
crater  radius  maybe  approximately  uniform  over  a range  of  crater  size  and  impact  con- 
ditions even  though  impact  and  explosion  cratering  events  are  not  identical  phenomena. 

44 


"“'I  il  :’i  l'hiytfflii  ill'll  f« 


~I  Vi"  ' ~ tf  ’V ' 'it  i’"dfrk 


■iifiijiiMiiis 


References 


Henny,  R.W. , and  Carlson,  R.  H.  (1970)  Natural  Missile  Distributions  for  High 
Explosive  Craters  in  Hard  Rock,  Vol.  ill.  Multiple  'threat  Cratering 
Experiment,  AFWL-TR-67-8,  Air  Force  Weapons  Lab, , kirtland  AFB, 

New  Mexico. 

Strohberger,  D.  E.  ( 197 1)  Mineral  Rock  Ejecta  Study,  Final  Report,  Contract 
DASA  01-70-C-0029,  The  Boeing  Company,  Seattle,  Washington. 

Linnerud,  H.  J.  (1975)  In-Flight  Ejecta  Size  Distributions  for  Middle  Gust  III, 
Final  Report,  SAI-74-502-BN,  Science  Applications,  Inc.,  Bedford, 
Massachusetts. 

Sugge,  R.  L. , and  Stroberger,  D.  E.  (1973)  Transient  Crater  Eiecta  Analysis, 
AFWL-TR -70-64,  Air  Force  Weapons  Lab. , Kirtland  AFB,  Albuquerque, 

New  Mexico. 

Meyer,  J.W. , and  Rooke,  A.  D.  (1973)  Operation  Mine  Shaft  Distribution  of 
Natural  and  Artificial  Ejecta  Resulting  from  betonation  of  100  ton  TNT 
Charge  on  Granite.  WES  Mlsc.  Paper  N-73-4,  U.S.  Army  Engineers 
Waterways  Experiment  Station,  Vicksburg,  Mississippi. 

Dishon,  J.  F.  (1974)  Investigation  of  Intermediate  and  Maximum  Range  Missiles 
Produced  by  Cratering  Experiments,  MPfi-74-2,  U.S.  Army  Engineer  Water- 
ways Experimental  Station,  Explosive  Excavation  Res.  Lab. , Livermore, 
California. 

Gault,  D.  E. , Shoemaker,  E.  M. , and  Moore,  H.  J.  (1963)  Spray  Eiected  from 
the  Lunar  Surface  by  Meteoroid  Impact,  NASA -Tech  Note  D- 1767,  39  pp. 

Gault,  D.  E. , Quaide,  W.  L. , and  Oberbeck,  V.R.  (1968)  Impact  cratering 
mechanics  and  structures,  in  Shock  Metamorphism  of  Natural  Materials, 
French,  B.M.  andShort,  N.  Mi  (eds. ),  The  Mono  Book  Corp. , Baltimore, 
Maryland. 

Dence,  M.  R.  (1968)  Shock  zoning  at  Canadian  craters:  Petrography  and  struc- 
tural implications,  in  Shock  Metamorphism  of  Natural  Materials,  French, 

B.  M.  and  Short,  N.  M.  (eds. ),  The  Mono  Book  Corp. , Haltimore,  Maryland, 
pp  169-184. 


45 


References 


10.  Stoffler,  D, , Gault,  D.  E, , Wedekind,  J. , and  Polkowski,  G.  (1974)  Experi- 

mental hypervelocity  impact  into  quartz  sand:  Distribution  and  shock 
metamorphism  of  ejecta,  Jour,  Geophys,  Res. , submitted  July  1974. 

11.  Oberbeck,  V.R.  (1975)  The  role  of  ballistic  erosion  and  sedimentation  in  lunar 

stratigraphy.  Reviews  Geophys.  Space  Science  Jt3;337-362. 

12.  McGetchin,  T.R. , Settle,  M.,  and  Head,  J.W.  (1973a)  Radial  thickness 

variation  in  impact  crater  ejecta:  Implications  for  lunar  basin  deposits. 
Earth  Planetary  Sci.  Lettr.  20:226-236. 

- ■ ■ » ■ ■ ■ ■»  — ■ ' ww 

13.  Oberbeck,  V.  R.,  Morrison,  R.  H.,  Horz,  F. , Quaide,  W.  L. , and  Gault,  D.  E. 

(1974)  Smooth  Plains  and  Continuous  Deposits  of  Craters  and  Basins,  NASA 
Tech  Mem  X-62,  376,  Ames  Research  Center,  Moffett  Pield,  California, 

14.  Oberbeck,  V.  R. , Horz,  F. , Morrison,  R.H. , and  Quaide,  W.  L.  (1973) 

Emplacement  of  the  Cayley  Formation,  NASA  Tech  Mem  X-62,  302,  Ames 
Research  Center,  Moffett  Field,  Calif ornia , 

15.  Morrison,  R.H. , and  Oberbeck,  V.R.  (1975)  Features  of  crater  continuous 

deposits  and  interpretations  of  their  origin,  Lunar  Science  VI,  p.  578-580, 
The  Lunar  Science  Institute,  Houston,  Texas. 

16.  Settle,  M. , and  Head,  J.W.  (1975)  Topographic  variations  in  lunar  crater  rim 

profiles;  Implications  for  the  formation  of  ejecta  deposits,  submitted  to 
Icarus . 

17.  Oberbeck,  V.R.  (1971)  Laboratory  simulation  of  impact  cratering  with  high 

explosives.  Jour.  Geophys.  Res.  7j5;5732-5749. 

18.  Baldwin,  R.B.  (1963)  The  Measure  of  the  Moon,  The  University  of  Chicago 

Press,  Chicago,  Illinois. 

19.  Roberts,  W.A.  (1965)  Permanent  angular  displacement  and  ejecta -induced 

impulse  associated  with  crater  formation,  Icarus  4:480-493. 

WV 

20.  Settle,  M. , and  Needleman,  S.  (1974)  Deformation  in  granular  earth  media 

produced  by  explosive  cratering:  Implications  for  impact  cratering,  EOS 
Transactions  Am.  Geophys.  Union  56,  No.  ^12:1142, 

21.  Emerson,  B.K.  (1917)  Geology  of  Massachusetts  and  Rhode  Island,  U.S. 

Geological  Survey  Bull.  No.  597,  289  pp. 

22.  Durgunoglu,  H.T.  (1972)  Static  Penetration  Resistance  of  Soils,  PhD  Thesis, 

University  of  California,  Berkeley,  California. 

23.  Turnage,  G.  W,  (1974)  Measuring  Soil  Properties  in  Vehicle  Mobility  Research; 

Resistance  of  Coarse  Grained  Soils  to  tllgh  Speed  Penetration,  Tech.  Rpt 
No.  3-65U,  Report  6,  U.S.  Army  Waterways  Experiment  Station,  Mobility 
and  Environmental  Systems  Lab. , Vicksburg,  Mississippi. 

24.  Fulmer,  C.V,  (1965)  Cratering  Characteristics  of  Wet  and  Dry  Sand,  The 

Boeing  Company  Report  D2 -50683-1,  Seattle,  Washington.  

25.  Sherwood,  A,  E.  (1967)  Effect  of  air  drag  on  particles  ejected  during  explosive 

cratering.  Jour.  Geophys.  Res.  72:1783-1791. 

26.  Piekutowski,  A.  J.  (1974)  Laboratory  Scale  High  Explosive  Cratering  and 

Ejecta  Phenomenology  Studies,  University  of  Dayton  Research  Institute. 
AfWL-TH  -7  2 - lb  b.  Air  Force  Weapons  Lab.,  KirtlandAFB,  Albuquerque, 
New  Mexico. 

27.  McGetchin,  T.R.,  Settle,  M. , and  Head,  J.W.  (1973b)  A model  for  the  distri- 

bution of  impact  crater  ejecta  and  its  implications,  EOS  Transactions  Am. 
Geophys,  Union  54,  No.  4:357.  


46 


References 


28.  Nordyke,  M.  D.  (1961)  Nuclear  craters  and  preliminary  theory  of  the  mechanics 

of  explosive  crater  formation,  Jour,  Geophys.  R^.s,  66:3439-3459. 

29.  Short,  N.  M.  (1965)  A comparison  of  features  characteristic  of  nuclear  explo- 

sion craters  and  astroblemes,  Annals  N.  Y.  Acad.  Sci.  123:573-616. 

■ ■ ■ - — » vwv*» 

30.  Horz,  F.  (1969)  Structural  and  mineralogical  evaluation  of  an  experimentally 

produced  crater  in  granite.  Contributions  Mineralogy  Petrology  2L365-377. 

31.  Ahlers,  E.  B.  (1965)  Crater  Ejecta  Studies  - Flat  Tops  II  and  III,  Project  1.5a, 

Ferris  Wheel  Series,  Flat  Top  Event,  POR  - 3006,  1IT  Research  Institute, 
Chicago,  Illinois. 

32.  Anthony,  M.V.  (1965)  Ejecta  Distribution  from  the  Flat  Top  I Event,  Project 

1. 5b,  Ferris  Wheel  Series,  Flat  Top  E\ent,  POR  - 3 007,  The  fioeing 
Company,  Seattle,  Washington. 

33.  Merritt,  M.  L.  (1968)  Ferris  Wheel  Series,  Air  Vent/ Flat  Top  Events,  Project 

Officers  Report,  Scientific  Directors  Summary, _POR  - 3000,  Sandia 
Corporation,  Albuquerque,  New  Mexico. 

34.  Dishon,  J.  F.  (1975)  ESSEX  - Diamond  Ore  Research  Program:  Ejecta  Meas- 

urements Report  - ESSSX  1,  l?has?  I,  WES  MP-B-7S-3,  ' T). S.  Army  Water- 
ways Experiment  Station,  ExplosiviPExcavation  Research  Lab. , Livermore, 
California. 

35.  Vortman,  L,  J.,  and  MacDourall,  H.R. , ecs.  (1962)  Project  Stagecoach:  20 

Ton  HE  Cratering  Experiments  in  Desert  Alluvium,  Pinal  Report,  SC -4596 , 
Tro-4500,  Sandia  Corporation,  Albuquerque,  New  Mexico. 

36.  Sun,  J.  M,  (1970)  Energy  counter-pressure  scaling  equations  of  linear  crater 

dimensions.  Jour,  Geophys.  Res.  75:2003-2027. 

37.  White,  J.W,  (1973)  An  empirically  derived  cratering  formula.  Jour.  Geophys. 

Res.  78:8623-8633.  

38.  Andrews,  R.J.  (1974)  Origin  and  Distribution  of  Ejecta  from  Near-Surface 

Laboratory  Scale  Cratering  Experiments,  University  of  Dayton  Research 
Institute,  to  be  pub  3 hod  A FW  L -TR  -7  5 , Air  Force  Weapons  Lab.;  Kirtland 
AFB,  New  Mexico. 


47 


Appendix  A 


Field  measurements  of  crater  dimensions  and  pellet  preshot  and  postshot 
ranges  are  presented  in  tabular  form  in  this  appendix.  Table  A1  serves  as  an 
index  to  the  listing  of  the  field  data  contained  in  Table  A2.  Table  A1  can  be 
used  to  identify  the  pellet  groups  employed  in  a specific  experiment  and  provides 
data  on  pellet  emplacement  and  the  configuration  of  the  explosive  charge.  Table  A 2 
lists  the  preshot  and  postshot  distances  of  individual  pellets  (measured  from  sur- 
face ground  zero)  and  the  results  of  a least-squares  fit  to  the  power-law  expres- 
sion discussed  in  this  report  (see  Eq.  (1)]  for  groups  of  pellets  initially  emplaced 
at  a common  depth  beneath  the  original  ground  surface. 

The  explosion  experiments  are  listed  chronologically  in  both  tables.  In  cases 
where  incomplete  or  unreliable  pellet  data  was  returned  from  a specific  experi- 
ment, it  is  not  included  in  Table  A 2,  although  a description  of  pellet  emplacement, 
charge  configuration,  and  crater  dimensions  is  provided  in  Table  A 1. 

Guide  to  Table  Al 

DATE  - date  upon  which  the  experiment  was  conducted. 

EXPLOSIVE  DOR  (M)  - explosive  depth-of-burst  (DOB),  measured  in  meters 
from  original  ground  surface  to  center  of  the  explosive  charge. 

EXPLOSIVE  TYPE  - explosive  material,  see  Table  2 in  the  text  of  this  report. 

EXPLOSIVE  WT  (LB)  - explosive  weight  in  pounds. 

EQUIVALENT  TNT  WT  (LB)  - equivalent  weight  of  a TNT  charge  in  pounds, 
see  Table  2 in  the  text  of  this  report. 

SCALED  DOB  - scaled  depth-of-burst  (SDOB)  of  the  explosive  charge  deter- 
mined by  dividing  actual  charge  depth-of-burst  by  the  cube-root  of  the  equiva- 
lent TNT  charge  weight  (SDOU  measured  in  ft/(lb  TNT)"3). 

Preceding  page  blank  ■* 
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PELLET  DEPTH  - depth  of  emplacement  of  a group  of  pellets  measured  from 
the  original  ground  surface  presented  in  centimeter  and  inch  units. 

PELLET  TYPE  - a description  of  the  pellet  material,  see  Table  1 in  the  text 
of  this  report  (A1  represents  aluminum  alloy  pellets). 

CRATER  RAD  (M)  — crater  rim  crest  radius  measured  in  meters. 

CRATER  DEP  (M)  — crater  depth  measured  from  the  rim  crest  in  meters. 

Guide  to  Table  A 2 

Experiments  are  referenced  by  an  identifier  phrase  which  gives  DEVENS  as 
the  experimental  site  followed  by  the  experiment  date,  charge  weight,  approximate 
description  of  scaled  depth-of-burst,  pellet  type,  and  pellet  emplacement  depth. 
Crater  rim  crest  radii  are  presented  in  meters.  The  variable  x refers  to  pre- 
shot pellet  range;  r refers  to  postshot  pellet  range  (both  measured  from  surface 
ground  zero).  A least-squares  fit  to  the  power-law  expression  discussed  in  the 
text  [Eq.  (1)]  is  presented  beneath  a tabular  listing  of  the  field  measurements. 

(The  first  number  after  the  = sign  is  a multiplicative  factor;  the  second  number 
represents  the  exponent  c in  the  power  law  expression.)  The  correlation  coeffi- 
cient represents  a measure  of  goodness-of-fit;  a value  of  1.000  is  indicative  of 
an  'exact'  fitting  of  the  data. 


Table  Al.  Index  to  the  Listing  of  Field  Data  in  Table  A2 
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Table  A2.  Preshot  and  Postshot  Distances  of  Individual  Pellets 
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Table  A2.  Preshot  and  Postshot  Distances  of  Individual  Pellets  (Cont) 
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Table  A2*  Preshot  and  Postshot  Distances  of  Individual  Pellets  (Cont) 
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Table  A2.  Preshot  and  Postshot  Distances  of  Individual  Pellets  (Cont) 
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f»*f  imct  ffuri  »«*<r.rs 

.389  .*137  - . 3 S3 ? 8 

.381  .*1»?  -.78837 

,66?  ,6786  -.78718 

__ ,«IT3  .77*0  -.1  *87* 

.tit  .a?** 


CMTC*  »iOJOSI«C>»  .7  37  «U»S 


— -rnSTSMOT  RfLlfT  »»M0t5 * 

« 9/K  UJ0lt«/*CI 


I.ST  SQ  rjt  TO  tOT.-LOf-  fOU»TIf*N 


?t.8t»S 
10 .*88? 
8, 87** 
?.1?93 
1 .8*18 
t.  1*8* 


1.89*11 

1.07078 

.8*818 

.!67?J 

.1987* 

.OMM 


-J.»«  ComiMICK  mmcif.f  ,im 


CRJtTFR  N»niU9*»C>«  .78*  MCTfOS 


0C»f«  H0Cf711*L«.MM7-ftUMf«t^r  IWlfM  I™  C^TfR  ^OIUSi^i 

of,,M  o,  .r^r.w*, 

„eio  o.m.  - *'*<■  Lort...y-c.  "»t  l<'oie,,,*c’ 


vst  80  nt  *c  tor- tor-  *ot*»n» 


-.8*887 

-.*1*6* 

-.11773 

. , •»  V Q*i  * 

- .1 7?*8 

-,tl*M 


Mf Tf88 

31. *79  *1.??f8 

t?.9?«  ?7.1*M 

1.0**  1.9*8? 


*«..«*  co».fi»MW  cot rf »«•«.»• 


OtVCNt  lt0rTMlala»waLr-aUSIf''*O®**-r'~  ircti.tr, 

WtltT  Of.TM  or  iu«Ml  * c.ntr- 

-p  p»  *w  C T °>NCf  S 

rmo  0*  T8 1 - ""  t*M9l«#*CI 

8f1W 

.18?  .19?"  -.71867 

.»?*  .?eao 

,198  .17*7  -.*1*6* 

.38  1 «*7  1»<  • . 1 1 8 7 3 

.10  .*7*0  -.710*9 


ro»Tf®  *8  DTUS I PC) * .70*  HtTF*S 


PO<  »S*OT  PrU  f 1 »8Hf.f*---- 

» 9/*r  iort8<77»ci 


*t. 7*3* 
71.0831 
9. 9**1 
I .*>78 
1 . ? 0 9 7 


1 .6?999 
1.3*17* 
.7***3 
.?9*8*- 

.8*?*7 


-3. *98  rowitrioti  rocrrtcif »»t»  • 

vst  to  ?it  to  loc-mc  'nutnc*  .iosmi/  ci  i. 


Of  f f ns  ii0CTr3t*i*.MH7-*ii®irfl»rP*rN  ct***.t  t*c* 

fCLLCt  079TM  07  NIJO lit  ■ >.**'r* 

-- *hot  i»ruri  

lino  Mill  l *r‘r  lOf.tao/m 


r»6ir«  •80iusr»C»»  .7** 

...p«S»SHQT  »fUfT  »»*Cf  *---• 
e #/*C  10M8C»/®C» 


NfTf** 

19.6**  *8.70?O 

9.1*7  18.11"? 

7.60*  3. *119 


|.H»3« 
1 .81*9  -i 
.«*%!* 
• **86* 
. ??7  8 1 
.8**1* 


t„  « TO  toc-ioc.  toomo.  ../.«•  c »*■»«"»  ...» 


fflTFR  #80!trtT*:t*  .**?  *lfT7»S 


otftNS  tooettsm««N8tr-NM#ffo**ff»  ac»ujc»i  J**M  rtim  »» 

mttT  0,..-  ot_r_Tu  • .oMv.OT.HttJ 

Mtioo.M.  . »/*<  vnr.M.wro  • *>•<  tor»../.c, 

. . "”S  ::sr,  w ass  !:££ 

S :r»;  :ss  ’*u  us:  •« 


«...  »Q  rp  .0  ior.-ior.  co'iMin-  . IH'K'f  > •• 


comh.tion  rofrncjnn* 


cum  »»oiu.i»ci»  .'.f  "UlK 


M*(K.  tMti'.r  t.r.  c.nr.  .ioio.i»ci. 

hu,t  :M',v*:;«ni,:5;x;r 

nut  MUI  • «r«f  l"6t.  "'*C  Lt.ctti 


H7RC  Lf»Clfli/®C> 


-.96*79 
-«  1*8  78 
- . 7f  * 76 
-.1688* 
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Table  A2 


Preshot  and  Postshot  Distances  of  Individual  Pellets  (Cont) 


WEWm  UOCT73UL8,HALF-8URIEOIGR€EH  GLASS,!  INCH CRATER  RADIUS  ( «C> « .562  METERS 

— — POSTSHOT  PALLET  RANGES 

R R/RC  tOGIOTR/RCJ  ' 

METERS 

21.  58  0 38.3966  X. 58627  ' 

8.111  16.6306  1,15928 

T383 75*73 =.75576 “37859  “678555 TTJ857 

“tST"SO  Fir  ttr tOG-LOG  EQUATION  (R/»C)*  1.5?3*TX/RC)**  -2.679  CORRELATION  COEFFTCTEHTB  l999r 


PRESHCT  PELLET  RANGES 

FICLO  PATtf  X X/RC  LOGIOCX/PC) 

METERS 

--T152  - .27TI  -,56679 

.229  .6067  -.39070 


'-ACRYLIC , 
PELLET  DEPTH  OF  BURIAL  * 2.56CM 

r- —•PRC SHOT  RfLLF T RANGES 


CRATER  RADIUS!  RC)  * .719  METERS 


POSTSHOT  PELLET  RANGES 


FIELD  OATAI  X 

x/nr 

LOG 10 (X/PO ) 

R 

R/RC  LOG13(R/RC> 

— MFTTRS 

METERS 

. - 

.22  9 

.3181 

-.69768 

20. *77 

26  .9779 

1.66207 

.305 

.6261 

-.37256 

10.363 

16.6193 

1.15896  

— 

.361 

.5301 

-.27563 

6.679 

6.  50*8 

.ei  T56 

.657 

.6361 

-.19665 

2.597 

3.613? 

.55790 

.533 

.76?? 

-.12951 

1.113 

1.5679 

.18975 

1ST  SQ  FIT  TC  LOG-LOG 

EOLATION 

(R/RCJ- 

• 689* ( X/RC)** 

-3.392 

CORRELATION  COEFFICIENT* 

.9901 

OEVEMS  160CT 73* 2LR » HAL  F-9UR If Ot ORANGE  ACRYLIC,?  INCH 

CRATER 

RADIUS (PC) = .719  METERS 

PEttET  DEPTH  OF  9URIAL 

« 5, 

06CH 

POESHCT  PELLET  RANGES — - 

--  P05TSH0T  PFLLFT 

RANGFS 

FIE»,0  OAT  AX  X~ 

x/wc 

LOGtO  ( X/PC1 

R 

R/RC  LOGlTItR/PCl 

HETERS 

meters 

— - .15? 

.PI?** 

-.673 5/ 

2.015 

2.8832 

,*6766  “ — ' 

• — 

• ??9 

.3161 

-.69768 

1.926 

2.6802 

.62817 

.305 

.6261 

-.37256 

1.509 

2.8992 

.32286 

— 

.381 

.5301 

-.27563 

1.60? 

1.9508 

.29021 

-t8T  M-  ffT  TC  tOG-tOG 

EQUATION 

<R/*C>  = 1 

. 178MX/OC)*® 

-.P?6 

CORRELATION  CflfFFICtEMTr 

-i9tl9 

— 6fP2KS-i«ocrr8m9rHAtf-8u«T^n?f.BFPM  GtA*s, 

t TKCH 

FAATfR  -CACTUS TRCTxr  -.TlR-MFTFRS-  ' 

PaLET  DEPTH  OF  BURIAL 

a 2.56C* 

— PRESHOT  PFLLfT  PAHGES 

POSTSHOT  PELLET 

RANGES  — - 

FIELD  DATA*  X 

X/R  r 

LOG10 IX/PCI 

R 

R/RC  LOGl  0 < P/  PC) 

METERS 

METERS 

.229 

.3151 

-.69768 

26.383 

39.6911 

1.59650 

* 36  1 

.5391 

-.27563 

6.511 

6.2765 

.7977? 

- .657 

.6361 

-.19665 

1.655 

2.3026 

.36226 

.533 

.762? 

-.12951 

.927 

1.2892 

.11033 

1ST  SQ  FIT  TO  LOG-LOG 

EQUATION 

( R/RC) = 

• 3 83* ( X/QC1 *• 

-6.288 

CORRELATION  COEFFICIENT* 

• 9836 



0EVENS  160C  t 73*  JL8  ,FUL  L “••FIFO 

;r«  d acrylic, 

1 INCH 

CRATER 

RACIUS(RC)*  .913  METROS 

-ptttET-Ot^TH  OF  5URTAL 

* 2. 

56F* 

..... 

“ - 

POESHCT  PFLiri  RANGES 

PflSTSMOT  PELLET 

PA8GES 

PtfLO  OATAt  X 

X/R  r 

L OG 1 9 ( X /PR » 

R 

R/RC  LOG10(R/PC) 

MFTrcS 

MFTEPS 

.381 

.6176 

- . 3 796° 

26,725 

27,0851 

1. 63273 

.657 

,5ooe 

-.30031 

13.697 

16. 7866 

1.16961 

.533 

.5  86  * 

- .2  J33e 

5, *=90 

6.1235 

.78700  

— 

.610 

.6678 

-.1 7537 

3.280 

3.5927 

.5556? 

.686 

.751? 

-.12621 

1.  3*f 

1.6958 

.17688 

.762 

.836  7 

-,9786b 

.972 

1.0651 

, f ?739 

1ST  SQ  FIT  TO  LOG-LOG 

EQUATION 

(R/RC) * 

« 660* ( X/RC) •* 

-6.870 

CORRELATION  COEFFICIENT* 

.9966 

OEVEHS  160CT  731  3LB, FULL  BUR  It  D *OP  ANGE  ACFYLIC,?  INCH 

CRATER 

RACTUSCRO*  .9  13  HETFRS 

Ptttrr  DEPTH  OF  MORTAL 

* 8 , 

08  CM 

PR  F SHOT  PflLFT  RANGES 

POSTSHOT  PELLET 

RAKGFS 

-ntto  otttr  X 

V/RC 

L0G18(X/RC) 

R 

R/RC  LOGl OtR/RC)  - " 

METERS 

HE  Tf RS 

.365 

.3339 

-.67660 

17,136 

15.7713 

1 ,27369 

.381 

.61  76 

-.37969 

7.936 

8.691? 

. *3908 

. 687 

.5088 

-.38831 

5,803 

6.357X 

.80327 

.533 

.5863 

-,23336 

3.65" 

6.0067 

.60278 

.619  - 

-,1T53T 

1 » 68t 

t.6227 

.21826  

— 

. 666 

.7513 

-.12621 

1.266 

1,3890 

.16270 

1ST  SQ  FIT  TO  LOG-LOG 

EQUATION 

(R/RC)* 

♦556* ( X /PC) *• 

-3.263 

CORRELATION  COEFFICIENT* 

.9863 
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Table  A2 


Preshot  and  Postshot  Distances  of  Individual  Pellets  (Cont) 


0C8CHS  1*0CT75I3LB*?UU  BURIEOTGREFN  GLASS. 1 INCH  CRATER  RA0IU$(RC>*  .913  HETENS 

-pctter  -own-  bf  wiu«t  * b.slcm  

PRESHOT  PFLLFT  RANGES POSTSHOT  PELLET  RANGES 


-ttn. O^RTAt 

X 

X/RC 

LOGlfl  (X/RC) 

R 

R/RC 

LOGt6(P/RC)  

METERS 

— .~7TJ9  ' 

— *197090 

METERS 

«.33f? 

rWB  ■ 

* 8 2 .66? 

* "1 .55685 

.361 

.9179 

-.37599 

21.150 

23.2120 

1.36571 

. . 

.957 

.5668 

-.30831 

12.193 

13.302? 

1.12352  ‘ 

.533 

• 5893 

-.23336 

7.591 

6.2669 

.9170V. 



.616 

.6676 

-.17537 

3.905 

3.7295 

.57166  • — 

• 686 

.7513 

-.12921 

1.301 

1.9257 

.15903 

if8?'  ’ 

.0397 

-.67896 

1.673 

1*1753 

.07015 

-^ST-SO  PIT 

TO  LOG-LOG 

EQUATION 

(R/RC)* 

. 993* (X/RC)** 

-9.701 

CORRELATION  COEFFICIENT*  45513- 

QEVENS  160CT73I 9LB .FULL  HURlfntPEP  ACRU2C«S  T6CX 
-PEttrrtJE'f'TM  DF  9JRIAI  = ?.*um 

PR F SHOT  PFLLFT  RANGES 

net  a oat  a i 


CRATfP  RAOTUS  f RC> s 1 .013  METERS 
-FOSTSHQT  FfHET  CADGES 


X 

MFTERS 

X/Rf 

IOG10 (Y /PC) 

R 

METERS 

R/RC 

LOC10(P/PC) 

• 385 

.3065 

-.52153 

69.959 

59.1935 

1.77227 

.957 

.9519 

-.39599 

28.636 

28.2726 

1.95137 

iSTT 

.5266 

-.27899 

12.887 

12.7239 

1:105*0 

• 610 

• 6019 

-.77050 

9 .170 

9.1168 

.61956 

.686 

.6771 

-.16535 

3.085 

5.0959 

.98365 

.762 

.75?  3 

-.12*59 

1.676 

1.6551 

.2186* 

.838 

.8276 

-.08*20 

1.113 

1.0989 

.09076 

(rtoc-vos 

EOtrtTitR 

-(R/RC1= 

.*88*  ( Y /PC)  * * 

-9.199 

CORRFL8T1 

S'tWCTmH9,rUU  MURIEAtfRANGE  ACRYLIft?  INCH 
PELLET  OEPTH  OF  BURIAL  * 5.06CH 

***.pp£9<CT  FttirT  PANGF*---- 


CRATER  RADIOS  CRCl  *1 .013  METERS 


PO^TSHOT  PELLET  RANGES- 


FIELD  OAT  At  X 

X/RT 

LOG1 0 (X/RC) 

R 

R/RC 

LOG10(R/RC) 

me Trts 

♦ 3?5 

. 3C09 

-.5215* 

METERS 

22.063 

21.7675 

1.33521 

— 

.381 

.3762 

-.9296? 

16.379 

16.1661 

1.20  861 

.957 

.9519 

-.39599 

9.077 

8.9618 

.96239 

4563 

.5266 

-.77890 

3.055 

7.9506 

" •.*>0090 

.610 

.6019 

-.72050 

6.928 

6.3967 

.80255 

.686 

.6771 

-.169*5 

1 . 766 

1.7959 

.29190 

.762 

.7523 

-.12.359 

1.19? 

1.1766 

.07065 

LST  SQ  FIT 

TO  LOG-LOG 

EQUAT: 

(R/RC ) * 

.737* ( X/RC ) ** 

-3.093 

correlation 

DE8EK5  160CT73T9LB,FUIL  8URI FO! C°F£N  GLA55  , 

1 INCH 

CRATER  RADIUS  ( RC)  *1  < 

PELLET  BERTH  OF  BURIAL  = ?.5*CH 

PRESHCT  PFUFT  RANGES-*- 

- POST  SHOT  PFLLFT  RANGES 

■ -pme-BATit 

i x 

•-XTRC 

LOGtOtX/PC) 

R 

R/RC 

LCGlTTtR/RC) 

... 

METERS 

.301 

.376  2 

-.9296? 

METERS 

93.983 

93.9296 

1.63779 

.997 

.9519 

-.39599 

26.953 

26.6115 

1.92507 

— 

.533 

.5266 

-.2769Q 

13.777 

13.602? 

1.13361 

.610 

.6019 

-.22050 

7.20? 

7.1110 

.65193 



-.688 

.6771 

-.l^CSO 

9.920 

5.  3835 

.83989  ' ' 

.762 

.75  23 

-.12359 

1.939 

1.9209 

.15291 

.636 

.8776 

-.08220 

1.073 

1.0593 

.02501 

.919 

.9026 

-.09991 

1.173 

1.1556 

.06280 

LST  SO  FIT 

TC  LOG-LOG 

EOLATION 

<R/RC)  = 

. 565*(X/"C>** 

-9.685 

CORRtlAT  I CN 

OEVEMS  160CT73t2tB,FULL  fiURKOtFfO  ACRYLIC,!  INCH  (REPROOUC)  CRATER  RAOIUS(RC)*  .703  METERS 

PELLET  DEPlKOF  MORTAL  * 7, SAC**  - - _ 

— -PRESHCT  PFLIFT  RAMGFS PGSTSHOT  PFLLFT  RANGES 


RtfLtT  DATA! 

X 

METERS 

X/Pf 

L0510(  X/RC) 

R 

METERS 

R/RC 

LOG10(R/PG> 

.152 

.2167 

-.66906 

3 3.  339 

97.9122 

1.67589 

-229 

.3251 

-.987Q9 

28.072 

39.9220 

1.60121 

. 

.305 

• 9335 

-.36*06 

t ? .893 

18.3355 

1.26329  

.381 

.5918 

-.26619 

9.907 

6.9786 

.89376 

“ 

.957 

.6502 

-.18696 

1.189 

1.6905 

.22802 

.533 

.7586 

-.12001 

1.262 

1.7995 

.25395 

LST  SQ  FIT  TO 

LOG- LOG 

EQUATION 

(R/RC)* 

>872*  (X/RC)** 

-2.980 

CORRELATION  COEFFICIENT* 

OEVEMS  160CT73|2L8,FULL  8UR It OtPPANGF  ACRYLIC,?  INCH (RFPROQ) CRATFR  RAOIUS(RC)*  .703  METERS 
mttT  BERTH  OP  BURIAL  « 5.06CH 

PR E SHOT  PFUFT  RANGES POSTSHOT  PELLET  PANGFS 

-ftCttt-OATRl  X X/RC  tOGmX/RC>  R R/RC  LOfil  CCR/RCT  - 


METERS 

METERS 

.15? 

.£167 

-.66906 

11.863 

16,6709 

1.22713 

.229 

.3251 

-.98799 

3.011 

9.2826 

.63171 

♦ 585 

.9335 

-•363QK 

t.639 

2.3239 

.36612 

.301 

.5918 

-.26619 

1.911 

2.0069 

.30753 

rRBT 

‘ 76W 

‘ -.38696 

.799 

1.0663 

• .02769" 

TO  L Of- LOG  EQUAT  !0M  (R/RC>*  . 360*(  X/RC)  ♦♦  -7.366  CORRELATION  CO£PPICIE*T»  4-9tt9~ 
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Table  A2.  Preshot  and  Postshot  Distances  of  Individual  Pellets  (Cont) 


ewens  ie/6f?9mBtpuu  bur  leoiGRf  rtr  cuss,  i iwinttew oouo-craye*  ,rwn 

PELLET  DEPTH  OF  BURIAL  * 2.54CH 

_ — — fS*ESWCT  PftLF T RANGES ——POSTSHOT  PELLET  RAMIES—-- 

fXELO  OATAt  t X/PC  10G1G(X/pC)  ft  R/RC  L0G1Q(R/RC> 

- MFYERS  HFTER5 

.229  .3251  -.46?99  30.419  43,2596  1,63606 

~ — — tBSST"  ' ' -;T83fr*  " — 13r991 IS.  MSB  * - tiMTW 

.361  .5418  -.26614  5.286  7.4836  .16944 

.^t2  -.16696  1.603  2.2880  .35794 


1,63606 
t5*DW“ 
.86944 
. 35794 


-t5T-50  PIT  TO  LOS- LOO  EQUATION 


•476*( X/PC) •*  -4.179 


CORRELATION  COEFFICIENT*  ,9015 — 


OEWKS  3APRIL74t«;iBtSOO**O,20:Rr2  ACRYLIC,  2 INCH 
•WrCtET-OEPTH  Or  90*111  * »,6Eru 

PRESHOT  FFLLf T RANGES 


CRATER  RADIUS (RC)* 1.024  HETE»S 


----POSTSHOT  PELL  FT  RANGES--  — 


X 

X/RC 

LOGIO (X/PC) 

R 

R/RC 

LOGlOtP/RC) 

MFTFRS 

.385 

.2976 

-.52634 

METERS 

48.310 

39.3601 

1.59506 

.361 

.3720 

-.42943 

17.983 

17.5595 

1.24451 

»“55T_  ” 

*.4464 

' - .T5875 

9.89% 

6.8639 

.94891 — 

• 533 

• 5266 

-.26330 

7,199 

7.0298 

.84694 

.610 

.59*2 

-.22531 « 

5.502 

5.3720 

.73814 

*666 

.6696 

-.17416 

1.539 

1.5030 

.17695 

.762 

.7440 

- • 1 2840 

1.204 

1.1756 

.07026 

t ST  SO'-rtt^TCXOG-tOG  EOttnON 


,473* (X/PC)**  -3.725 


CCPOELATICN  COEFFICTTirTB - 


“Wrtm  3*pftTt74tsLetsnoBro.2otYmoN  glass,  men 

PELLET  OEPTH  CF  BURIAL  * 3.66C* 

- • — .-ppeshot  pellet  RANGES 

FIELD  OATAt  X • x/RC  LOS10tX/PC; 


CRATER  RAO IUS ( RC) *1.824  HETEPS 


POSTSHOT  PFLLET  RANGES---- 


X 

NFYERS 

» y/RC 

LOG10(X/PC5 

P 

METERS 

P/PC 

L0G10 (R/PC) 

.381 

.3720 

-.42943 

20.955 

20.4613 

1.31093 

,457 

.4464 

-.35425 

10,962 

10.723? 

1.03032  

.533 

.5204 

-•2633C 

5.081 

4.9613 

.69560 

— .BIT" 

' .5952 

--.?2*31 

3.222 

3.1458 

, 49774  " 

.646 

.6696 

-.17416 

i.442 

1.4073 

.14852 

O LOG-LOG 

EQUATION 

(P/RC)  c 

.270* (X/PC)** 

-4.464 

COPRFLATION  COEFFICIENT * .9939 

OEVENS  3APRIL74|5L8tS008  = 0.2P*OPANGr  ACRYLIC.,  3 INCH 
-PEttET  OEPTH  OF  BURIAL  = 3.6FCH 

— -PPESHCT  PFLLft  RANGES “—I 

PMtO  OATAt  X X/PC  LOG10  (X/PC  > R 

PETERS  ArK' 


CRATER  RAOlUS (PC) *1 .024  NETERS 
POSTSHOT  PELLET  PA4GFS- • — 


T3B9--- 

- — .?97B 

-♦ 57634 

Svr-.ro  • 

XT.470? 

r.4979tr 

.38  1 

.3720 

-.42943 

r.<85 

16.7798 

1.22479 

.457 

.4464 

-.35825 

t ,‘.59 

8.3*71 

• •2266 

• 

‘ 

,533 

,s?oe 

-.28330 

1.965 

3.8720 

.56794 

.614 

.595? 

-.22531 

3. ?4! 

3.166? 

.50060 

• 469*1 X/RC) **  -3.514 


OEVENS  3APRIL74;SLBIS00028.4«tPfn  ACRYLIC!  2 T4C« 

-pettfr-otPTH  OF  nURTAt  « 4.3*C*« 

— -RRESHCT  FFLLFT  RANGES 

PIELO  OATAt  X X/RC  IPG10(X/P'‘> 


CRATPR  RAO IUS (RC 1*1.16 3 MfTFPS 


POTSHOT  PELLET  RANGE? 


X 

X/RC 

LOG  10 ( XfP^l 

Q 

R/RC 

LOr.l0(R/PC) 

HETFRS 

.305 

• ?e  7 7 

-.58883 

METEPS 

76.39? 

64.5954 

1,81020 

,361 

.7222 

-.4919? 

44,763 

37,8506 

1 . *7807 

.457 

,38{f 

-.41274 

28,215 

23.8582 

1.37764 

,533 

.4510 

-.34579 

10,506 

8,6840 

.54661 

,68ft 

.5799 

-.73665 

4,496 

3.6015 

•5799ft 

— ' 

.762 

.644  2 

-.19089 

3,203 

2,7068 

,4327? 

.836 

.7088 

-.14950 

1.664 

1.40?? 

.14636 

,914 

.773? 

-,11171 

1.433 

1,2113 

.08327 

) LOG- LOG 

EQUATION 

(R/RC.)  a 

« 460* (X /RC) ** 

-3.621 

CORRELATION 

COEFFICIENT*  ,9933 

3APRILT4t5L8tsnOR*0.40»YVLinW  GLASS,  2 INCH 
■VtttfT  DEPTH • OR  BURIAL  * 4,S*f« 

— -PRFSHOT  PfLLfT  RANGES— 


CRATFR  RA OI US {RC 1 >1 ,183  meters 


POSTSHOT  PFUET  RANGES--  — 


► JfitO  OATAt  X 

HCTFPS 

X/RC 

LQG1A (X/PC) 

P 

. METERS 

R/RC 

LOG10(R/RC) 

,45? 

.3066 

-♦41274 

36.968 

31.2036 

t. 49420  

, *33 

.4510 

-.34579 

23.095 

19.5264 

1.29067 

_ >fjrg 

o4155 

. B68T4 

.686 

.5799 

-.23665 

4,179 

3.5335 

.54621 

— 

♦ 762 

*6443 

*.t9B69 

3.  142 

?.V»7? 

.42443 

.63  8 

♦ 70  Aft 

-.14950 

1.951 

1.6445 

.21736 

ST  SO  FIT  TO  LOG-LOG 

EQUATION 

(R/RC>« 

,?71*( X/PC) •* 

-5,093 

CORRELATION  COEFFICIENT*  ,9921 

l 


Table  A2 


Preshot  and  Postshot  Distances  of  Individual  Tellcis  (Cont) 


OMENS  3APRIL7415LBIS0  OB*  0.401  ORANGE  ACRYLIC,  3 
-mfcCT  *€FfH  Of  BURIAL  = 4.39CH 

PRESHCT  FELLFT  RANGES 


CH  CftATtR  RAOIUS  (RC  > *1  it  A3  METERS 

-POSTSNOT  PELLET  RANGES 

*/*t  ~tGGtm/tCT 


METERS 
♦ 457 

..506ft 

-.9127% 

METERS 

29.355 

24.0247 

1.39460  

.533 

.4510 

-.34579 

9.431 

7.9742 

.90169 

.M3 

.5J55 

-.237*0 

4.365 

3.6907 

.56711 

.6*6 

.5799 

-.23665 

3.652 

7, 0676 

.48963 

I LOG-LOG 

EQUATION 

(R/RC)* 

. 140* (X/RCl *• 

-5.279 

CORRELATION  COEFFICIENTS  .9716 

OEVENS  30APRIL74m9JS009=0.50l  YEUOW  GLASS,  2 INCH  CRATER  RAOIUS  (RC)  = 1 .26  0 METERS 

*Ett£T  DEPTH  OF  RURTAt  * 6,77»*M 

PPESHCT  FELLl  T RANGES——  POSTSHOT  PFLLET  PANGFS— 


neto  oatai  x 

x/R  r 

LOGIC (X/PC) 

P 

R/RC 

LOG10 (R/RC) 

METERS 

METERS 

.457 

. 357* 

-P447lf 

35.566 

27,7976 

1.44401 

.610 

.4762 

-.3222? 

16.307 

12.7301 

1.10510 

.686 

iS357 

-.27107 

4,443 

7.0643 

.04507  

.762 

.60S? 

-.22531 

6.757 

5.2766 

.72252 

.83  6 

.6648 

-.1839? 

4.039 

3.1546 

.49697 

.914 

.7143 

-.14613 

3.024 

2.3619 

.37326 

LST  SO  FIT  TO  LOG-LOG 

EQUATION 

(R/RC)* 

> 73  7*< X/RC J •• 

-3.626 

CORRELATION  COEFFICIENT*  ,9935 

OEVENS  6JUNE74T5LR,  SOOP*B.50:  FED  ACRYLIC,  ? INCH  CRATFO  RAOIUS (RC ) *1 .259  METERS 

FEttfT  DEPTH  OF  NUPIAL  * 5.08CM 

— -“PRESHOT  PFLLFT  RANGES——  POSTSHOT  PELLET  RANGES 


-rmo  OAT  At  X 

METERS 

X/RC 

LOC10 (X/RC ) 

9 

METEPS 

R/RC 

LOG1  C (R/RC  ) 

• .385 

.2421 

-.6159* 

23.278 

18.4915 

1.26697  - ' 

.381 

.3027 

-.51904 

17.331 

13.7676 

1.13886 

.457 

.36  3? 

-.43986 

12. *03 

9.9322 

.99705 

.633 

.4237 

-.37291 

11.421 

9.0  726 

• 9577* 

*•  • .610 

.4843 

-.3149? 

19.257 

*.1477 

.51104  • - 

.666 

. 544* 

-.?637? 

8.63-> 

6.8571 

.83614 

.762 

.605? 

-.21801 

4.093 

3.2518 

•51?13 

» 838 

.6659 

-.17662 

2.774 

2.2034 

.34309 

.914 

.7264 

-.13883 

1 .774 

1.409? 

.14897 

-tST  90  rn"  YO  lOG-ttJG 

EQUATION 

(R/RC)*  1, 

> 134*  ( X/RC) 

-2.164 

CORRELATION  COEFFICIENT* — .TOra*- 

-OCVEMS  6UUW74I516,  SOQB=O.SOt 

PIUF  GLASS, 

? INCH 

CRATER 

RA0IU$(RC)M.?59  METERS 

PELLET  DEPTH  OF  BURIAt 

. = 9, 

9 6 Cm 

FIELD  OATH  X 

X/4C 

lOGtOCX/PC) 

R 

R/RC  LOGlO (P/RC) 

■-  • MfTERS 

MEIERS 

.305 

.2421 

-.51595 

1 7.054 

13.547? 

1.13105 

.381 

.3027 

-.51904 

13.311 

10.5738 

1.02423 

.457 

.363? 

-.43986 

10.333 

8.2082 

.91425 

— .333 

.9237 

-.37291 

7.778 

6,  179? 

,79093  ’ - 

.610 

.4043 

-.3149? 

5,105 

4.0557 

.6'  806 

.686 

.5448 

-,’6V7 

3,14? 

2.4964 

.74731 

.762 

,6053 

-.21*01 

2.04? 

1.6223 

,21 11? 

.03  8 

.6659 

-.1766? 

1.51? 

1.2010 

.07)53 

.914 

.7?E4 

-.13883 

1.295 

1.0291 

• 01244 

LST  SO  FIT  TC  LOG-LOG 

EOIATTON 

(9/®C)s 

• 51  X/RC)  •* 

-2.534 

CORRELATION  COEFFICIENT*  .9757 

— - 

- 

OEVEKS  6JUHF 7, t BIB,  BBnB=0,70 

t flPOMN  r,LA<J«; 

, ? . MO  9 

CRATER 

RADIUS (RC)*l,000  METERS 

PFLLET  DEPTH  CF  BURIAL 

5. 

07  CM 

PRESHCT  FELLf  T P&NGES 

POSTSHOT  .ITT 

OAWGES 

FICLO  OATAt  X 

X/RC 

IPG10  (X/PC) 

P 

°/RC  LOCI  OCR/PC) 

MFTERS 

METERS 

• 361 

.3811 

-.41896 

31.641 

31.6494 

1,50037 

.457 

.457.3 

-.3397* 

1 3.640 

13.6433 

1.1349? 

• 53? 

.533* 

- . ?7?86 

4.2*? 

4.2835 

.63180 

.610 

.6098 

-.214*4 

3.  191 

3.1921 

.50407 

.666 

.6  760 

-.16369 

1.341 

1,741* 

,1?75P 

1ST  SO  FIT  TO  LOG- IOC 

*miAT  IfN 

(R/9C)e 

. 191*1  X/RO  ** 

-5.315 

CORRELATION  rOFFFXCIFNTs  .«17 

WVE.S  l*JULVrfcl3/-*>  B, 

scoo«o. 

001  RED  »DRYUD,  J INCH 

CRATER 

RAOIUS  (PC)*  .527  METERS 

“Ptctrr 

r . 

- --  

PRESET  FCLLl  I RANGES-— 

-—POSTSHOT  PFLLET 

RANGES  — — 

-fmo  OAT  A » X 

X/RC 

LOGtO (X/RC 1 

R 

R/RC  10610(R/RC> 

METERS 

METERS 

.754 

.4821 

-.31688 

1.865 

7,5376 

.54671 

.305 

.5704 

-.23776 

.796 

1.5007 

.17059 

1ST  SO  FIT  TO  LOG-LOG 

— 

EQUATION 

(P/RO* 

.117* (X/RC) *• 

-4.670 

CORRELATION  COEFFICIENT*  1.0000 
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Table  A2 


Preshot  and  Posts  hot  Distances  of  Individual  Pellets  (Cont) 


OCVENS  16JULY74I3/8LB,  SCOMO.Ot  RROHN  GLASS,  1 INCH  CRATFR  RAOIUSCRO*  .527  METERS 

PCLtfT  OCPTM  - • - 


PRESHCT  PELLET  RANGES POSTSHOT  PELLET  GANGES- 


-  ftCtft  ©ATAt  X 

METERS 

X/tf 

LOGIC CX/PC) 

A 

METERS 

R/RC 

LOGICTR/RC)  

.254 

.4021 

-.31668 

1.647 

3.5024 

.54443  

.305 

.5754 
-■ -raer* 

-.23776 

-inetre 

.860 

.545 

1.6301 

1.0405- 

.21220 

— t©f-  M PIT  TO  LOG-LOG 

EQUATION 

( R/RC)  * * 

7S5*(X/PC)** 

•1.907 

CORRELATION  COEFFICIENT* - v040r 

'S  poo*  n.ot  * ty  i tnch 
PELLET  DEPTH  OP  BURIAL  * 7.540 H 

— — OPESH0T  PELLET  RANGES 


CRATER  RADIOS  (RC)*"  ;5?7~  METERS 


POSTSHOT  PELLET  RANGES  — — 


FIELO  OATAt  X 

X/RC 

L0G10 (X/PC ) 

R 

R/KC 

LCG10 (R/RC) 

MFTFRS 

METERS 

.254 

.4621 

-.31686 

1.769 

3.3931 

»530  5Q 

rST5  -■ 

“T5T64  " 

*•2377* 

.576 

1.0925 

.0384?  ' 

.356 

.6746 

-.17065 

.573 

t • 0 867 

*03611 

1ST  $Q  FIT  TC  LOG-LOG 

EQUATION 

(P/®C)* 

,?J0*(  X/RPI** 

-3.472 

C0FRELAT1I 

OEVEMS  31JULY741 3/8LB » SCOF=P,25?  ORANGE  ACRYLIC.  I TNCH  CRATER  RAOIUS(PC)*  .62?  METERS 


PEUET  DEPTH 

OF  BURIAL  = ?.54fw 

PPL  SHOT  PfltfT  RANGES  — 

POSTSHOT  PELLE1  RANGES 

FIELO  DATA! 

X 

x/sc 

LOG 10 IX /PC) 

0 

R/nr 

LOG10 (R/PC) 

HFTFRS 

.152 

.2461 

-.61666 

-fters 

8.9«6 

14.3235 

1.15605 



.229 

.36  76 

-.43457 

3.609 

5.6039 

♦763r? 

.361 

.6127 

-•?i?7? 

.963 

1.5450 

.19006 

LST  SQ  FIT  TO 

* LOG-LOG 

EQUATION 

(R/RC)* 

.481*1 Y/PC) »* 

-2.434 

CORRELATION  COEFFICIENT*  .9991 

OEVENS  3 tvHJL Y7413/8LB,  S006  = 0. 

?5t  Al,  1 INCH 

CRATER 

RAOIUS(RC) s , 

,622  METERS 

-PfttET  OEPTH  OF  BURIAL  = 2. 

54CH 

PRESHOT  PFLLFT  RANGES 

- -—POSTSHOT  PRLFT 

RANGES 

PIELO  PATAt-  • — X * • X/tf 

tftfilfttY/PCI 

R 

P/RC  LOGIC  (R/RC) 

— — 

METERS 

MFTFOS 

.229  .36/6 

-.43457 

4.173 

6.7108 

.82677 

...  - 

.305  .4902 

-.30963 

1.454 

2.3382 

.36689 

.361  .612/ 

-.21272 

1.01? 

1.6275 

.21151 

.457  .7353 

-.13354 

♦ 738 

1.1863 

.07419 

LST  SQ  FIT  TO  LOG-LOG  EQUATION 

1 (R/PC) * 

495*(  X/RC)  *• 

-2.465 

ccerflaticn 

COEFFICIENT*  .9777 

CEVENS  31JULY74I3/8L8,  SCOP=  0.251  BLUE  GLASS,  J INCH 
-Pgttgr  OPPTW  tTP  NtHWAt  * 2.54fM 

PRESHCT  PFLLFT  RANGES  — 

WtO  ©AT  At 


CRATER  RACIUS(RC) * .622  METERS 
.-.-POSTSHOT  PFLLET  RANGES 


X 

METERS 

X/RC 

LOGIC (X/PC ) 

P 

meters 

R/RC 

LOG18CR/RC) 

.229 

,3676 

-.43457 

4.377 

7.0  392 

.8475? 

.305 

.901 

.4902 

.6127 

-.3096? 

-.2127? 

1.606 

2.5833 

1.2568 

.41218 

.09691 

.777 

► LOG-LOG 

EQUATION 

(R/RC)* 

• ?35* ( X/RC) •• 

-3.368 

CORRFIATION 

COEFFICIENT*  .9990 

OCVEMS  3 1 JULY/4  IJ/ALP » SCOP*0.?6  1 RPO«N  f,L  AS?,  ? INCH 
PELLET  DEPTH  Or  BUPIAt  = «,fl7CM 

— -p pe Shot  pelu  t ranges 


CRATER  RADIUS(RC)*  .622  METERS 


FIELD  OATAl  x 

X/PF 

LOG  10  ( X/PC) 

0 

R/RC 

10G10<R/RC> 

MFTfRS 

METFRS 

.152 

. ?451 

-.61066 

3.206 

5.  1569 

♦ 71239 

• ??9 

.36/6 

-.4346/ 

2.405 

3.8725 

.56600 

.305 

.490? 

-.30963 

1.161 

1.8676 

.27129 

.381 

.6127 

-.21??? 

.744 

tt  1961 

, 07776 

LST  SQ  FIT  TO  LOG-LOG 

EQUATION 

(R/RC)* 

592* ( X/RQ) *• 

-1.634 

CORRELATION  COEFFICIENT*  .9672 

OCT CMS  31JULY74I 3/6LR, 

S9O6-0.2M  U,  2 INCH 

CRATER 

; RAOIUS(RC) * .62?  METERS 

PCtttT  OePTM  OP  BURTAt 

* 5.' 

nee* 

——PRESHOT  PELLET  RANGES 

POSTSHOT  PELLET  RANGES 

PTCtvDATAt  t 

X/AC 

LDGtO  ( X/PC) 

R 

R/RC 

L0G10(R/RC) 

METERS 

.2991 

MFTfRS 

- » 61066 

3.539 

5.6765 

. 75408  ""  "* 

.229 

,5676 

-.43457 

2.033 

3.2696 

.51458 



.4982 

-.30963 

.853 

1.3729 

.1ST53 

.AW  M FW  TO  l0.-l.rMU.Timi 

tt/RC>«  . 

367*  tX/RCI** 

-2.003 

CD  RR  CL  AT  TOM  COCffICXCWTw  “itTM©- 
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Table  A2.  Preshot  and  Postshot  Distances  of  Individual  Pellets  (Cont) 


rec  ACRYtift  ? ik cm  crater  raoi im*o«  azz  «ent4 

PELLET  DEPTH  OF  BURIAL  * «.0*CH 

*FRC9H0T  mtf  T RANGES-—-  •— FOSTSHOT  PEttET  FANCES-—  ' 


F1EL0  OATAt 

X 

X/AC 

LOGIC  (X/PC) 

R 

R/RC 

LOG  lfllR/RC) 

“NET fire 

— 

METERS 

.152 

.2%  51 

-.61066 

3.715 

5.9804 

.77673 

— _ 

.m 

.3678 

-.43437 

2.371 

3.8137 

.58133 

• "*  " - 

.305 

.4992 

-.30963 

1.173 

1*8873 

.27583 

13 T SO  ftt-r 

.301 

0 LOOLOO 

.6127 

-CCtfttICM 

-.2127? 

.609 

.431»(X/»C)»» 

1.102* 

*1.-857 

.86233 

■ correlation  coeff 

ICTENT*  .3128 

-8CVLH3  itSEPT74t  1 LB 

C6,  SHOP 

xO.OO,  AL  1 

INCH 

CRATFR 

RAPIUS(FC)*  .638  ME  TEW  “ 

— 

PELLET  OEPTH  OF  BURIAL 

* 2. 

54fiH 

FIELD  DATA*  X X/RC  LOGIO(X/rC) 

P R/RC  L0G1 0(R/RC) 

METERS 

HETERS 

— 

.229 

.3672 

-.45935 

13,69? 

70.7963 

1.31799 

■ - .385 

.4630 

-.33445 

4.697 

7,1343 

.85335 

• 

.381 

.5787 

-.23756 

2.475 

3.7593 

.57510 

t3*  SO  FIT  TC  LOG-LOG 

eolation 

(P/9C)« 

.433»  <X/PC)*» 

*3.679 

*"17743 

COARELATICN  coefficient* 

“ i9*33“ 

G EVENS  10SEPT74I  1 LR 

C4,  snpn 

=0.25,  AL  1 

INCH 

CRATFR 

RADIUS (RC ) = .713  heKkS 

FEttTT  DEPTH  OF  mjRIAL 

e ?• 

*6P»» 

' 

— 

-—-preshot  pruFt  ranges  — 

- 

-- 

POSTSHOT  PELLET  PANGFS-  — 

FIELD  OATAt  X 

t/nr 

LP5io<x/rC» 

R 

R/RC 

L0G1C(P/°C) 

MFTERS 

METERS 

.??« 

.3235 

-.49415 

J5.616 

49.9359 

1 .*9841 

.305 

.4276 

-.369?? 

1 3 • ?6? 

18.5940 

1.26937 

.381 

.5342 

-.27231 

5.  ?7 3 

7.393? 

. 86883 

— 

.457 

.6410 

-.1931? 

?.?46 

3.1496 

.49825 

.533 

• 74F9 

- • 1 2ft  8 

.930 

1.3034 

.11508 

t$T  SO  FIT  TO  LOG-LOG 

EOUATIOM 

(R/^Cl* 

.445MX/PP)** 

-4.263 

CORRFLATICN  COEFFICIENT* 

.993? 

i 

CftEKS  18SfPT74t  1 LB 

C4f5C0P=0.25t  AL  3 INCH 

CRATE P 

RAOTUS  ( PC)  * .713  METERS 



PELLET  OEPTH  OF  BURIAL 

* 7. 

6?C« 

- f*r  SHOT  PFLLfT  OANGES-- 

- 

» - 

POSTSHOT  PELLET  RANGES 

FIEL0  OATAt  X 

X/RC 

LOG 10 ( X/ PC) 

R 

R/RC 

LOG 10(R/RC ) 

HFTfRS 

.152 

.2137 

-.67025 

?.iup 

2.8291 

.45164 

*229 

.3205 

-.494t5 

3,667 

5.1410 

.71183 

.305 

.4274 

- . T692? 

1.143 

1.6026 

.20482 

.381 

.534? 

-.27231 

1.169 

1.6538 

.21830 

..  

.657 

.64 1 P 

-.19312 

.614 

1.1410 

.05730 

1ST  SO  FIT  TO  LOG-LOG 

COU.TtOH 

(R/RC) - 

»842*( X/PC) *• 

-1.009 

corrflation  coefficient* 

.7422 

0 EVENS  IISEPT7M  1 18 

C4,  sno« 

*0.50,  AL  1 

INCH 

CRATER 

RAOIUS(RC)»  .841  NETERS 

mi.tr  of.Ttt  ot  w>»m 

* 2. 

34  C* 

— “ 

PRESHOT  *>ULFT  RANGES— 

- 

-- 

- — -POSTSHOT  PfLLET  RANGES--  — 

PfEtO  OATAt  X 

x/«r 

LOG10 (X/PC) 

R 

R/RC 

LOG10(R/*C) 

HFTFRS 

PETERS 

.229 

.2717 

-.56585 

32,044 

36.0906 

1.5808? 

.305 

.3623 

-.44091 

29.276 

34,8007 

1.54159 

' .381 

.4379 

-.34400 

IT.  881 

16.5088 

1.21748 

1 ■ 

.457 

.5435 

-.2648? 

6.559 

7. 7971 

. 891  QT 

.533 

.6161 

-.19787 

T.786 

3.9058 

.59171 

.610 

.7246 

-.13968 

1.722 

2.0471 

.31114 

} .686 

.813? 

• .08673 

.976 

1.1630 

.06560 

t*T  SO  fit  TO  LOG-LOG 

f<MJ*TUN 

umi* 

. 797* (X/PC) •* 

-3.374 

CORRELATION  COEFFICIENT* 

.968? 

OWENS  lOSfT»T74t  l LB 

C4,  snnn 

<0.50,  Ai  3 

tNfH 

CRATFR 

RA  CIUS (RC  ) ■ .841  METERS 

~mt*T  DEPTH  OF  BURIAL 

t x. 

6?rn 

-• 

— -PRESHQT  FFUFT  RAHGFS-- 

- 

- 

----POSTSHOT  PFLLFT  RANGES — -- 

FIELO  OATAt  X 

X/RP 

lO*19CX/»6) 

c 

R/RC 

LOG! 0( R/RC) 

f METERS 

METERS 

< .229 

.7717 

-.36585 

t 509 

14.8696 

1.17230 

♦ TO  5 

• T6?  t 

-.44091 

1.784 

11.6304 

1 .06560 

— .381 

.45?R 

- • T4400 

4.645 

5.5?17 

. 74208 

— 

.637 

.5415 

-.26462 

1.921 

>.2826 

. 3584-T 

.333 

» 6361 

-.19767 

1.317 

1.5632 

.19437 

T.3T  » FIT  TO  LOG'LOG 

(OUATION 

(R/RC) * 

«472*(X/Rrj •• 

-2.847 

CORRFLATION  COEFFICIENT* 
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Table  A2,  Preahot  and  Postshot  Distances  of  Individual  Pellets  (Cont) 


r -t  to  €%,  seoe^o.Bo,  al  4,4  in 

PeUEt  DEPTH  OF  8URIAL  • 1 1 .«i3CH 

■— 'PtESHCT  PULfT  RANGES  — 


CRATER  RAOItlStRCI*  .64r*ETt»s“ 


* — postskot  mtrr  ranges -- 


FIELD  DATA*  X 

X/8C 

LOGIO  tX/RC> 

R 

R/RC1 

LOCIOCR/RC) 

METSRT 

.385 

.3623 

-.44091 

_ METERS  " 
2.481 

2.9493 

.46972 

— iHt  " 

* 457 

.4529 

.5435 

"•.34^06 

-.26462 

1.524 

1.244 

1»811Q 

1.4763 

“.25806  ' 

.16975 

LST  SQ  FIT  TO  LOG-LOG 

EQUATION 

CR/RC) » 

• 498*  CX/RC)** 

-1.721 

CORRELATION  COEFFICIENT®  ,9647 

DC  PENS  1ISEPT74I  1 LB 

C4,  sno8«o 

.375,  AL  1 

INCP 

CRATER 

R»0tUStRC>*  .799  HETERS 

— Pf tt€f  -Wff*  Of  OURJAL  * 2.54CM 

-—PRESHOT  pellft  RANGES 

“1t/RC  LnGlOtXTRC) 


KETFRS 
.229 
• 30  5 
.301 
.*5? 




« 2663 
• 301  7 
.47  71 
.5725 


-.54324 
-.41830 
-.32134 
-.24221 
-.12520  ' 


P0STSH0T  PFUET  RANGES 

P R/RC  10WP7  RCt  ' 

METERS 

25.771  32.2710  1.48661 

8.662  10.3473  1.03532 

4.011  5.0229  .70895 

2.  350  7.9427  .46675 

1.375  Ti721V  - i-733W  " 


LST  S*  FIT  TO  LOG-tOG  EQUATION  (R/RCI*  ,42i-(X/RC)**  -3.420 


Correlation  coefficient*  • .wo 


E -$4,'  SCO** 8. 37 5,  At  3 INCH 
PELLET  DEPTH  OF  BURIAL  = 7.E2CM 

——PRESHOT  PfcLLtT  RANGES'— 

FIELD  DATA!  X X/RP  LOGIO <X/PC) 

METERS 


CRATER'  PROTtlS  tRCT*  .799  METERS" 


——POSTSHOT  PFLIFT  RANGES— 
P R/RC  LOG101R/RC) 

METERS 


,229 

.7663 

-.54324  2.871 

1.5954 

.55575 

.47717 

.361 

.4771 

-•3213R  1.753 

2.1947 

.34137 

- • ,45? 

.5775 

-.74221  1.259 

1.5761 

.19  765 

LST  sa  FIT  TO  1*0- LOG 

ECU AT  I OH 

<P/°C»«  .675* (X /PC | •• 

-1.1*2 

CORRELATION 

COEFFICIENT* 

OEXENS  25SERT741580  GH 

C41  sroe=0.00,  AL  1 IKOF 

CRATER 

RADIUS  (PC)  * , 

,65?  METERS 

— PELLET  DEPTH'  UF  HUPItt 

= ?. 

54  TT* 

. ...  , 

PRF  SHOT  FELLfT  RANGES POSTSMQT  PFIL^T 

RANGES 

--mtDOATAl  X 

x/R  r 

LOGlOtX/PC)  R 

R/RC  LOGIO  tP/wC) 

NFTERS 

METERS 

. ,??q 

.35  05 

-.45535  *.666 

11.7521 

1.07012 

.385 

.4673 

-.13041  T.oJl 

5.8738 

.7669? 

.361 

.5841 

-.21158  1.851 

2,8832 

.45987 

.457 

,7009 

-.15432  , 75q 

1.1616 

.06579 

LST  SQ  FIT  TO  LOG-LOG 

EQUATION 

tP/RC>*  ,6?«*(X/oC>  •• 

-3.267 

C QF RE  L AT  | CM  COEFFICIENT* 

OEVEKS  25SEPT74I  500  GH  C41  SnppiO.OO,  AL  7 INCH 

crater 

RADIUS (RC1 » , 

65?  HETERS 

- PEUET  DEPTH  OF  BURIAL 

■ 5, 

1160* 

WfSMCT  “HITT  RINGED PrSTSHOT  PFLIFT 

PAkGE  s 

PIEtD  OATAt  X 

x/Rr 

LOG  18 (X /PC)  R 

9/»C  LOGIO (P/PC) 

HETERS 

K« TFRS 

.273 

.3585 

-.4541*  t *789 

1.9  766 

.29591 

.305 

.4673 

-.13041  1.317 

2.0167 

.30507 

.361 

.5*4 1 

-.*3150  .869 

1.3318 

* 17643 

LST  SO  FIT  to  LOG-LOG 

EQUATION 

{R/RC ) ® .963MX/9P)** 

- » 731 

CORRELATION  COEFFICIENT* 

SEVENS  29SCRT741  586  GH  C4t  SQOP*fl.?4»  AL  1 INCH 

CRATER 

RAC!US(RC)>  , 

749  MfTftS 

.9664 


PELLET  DEPTH  OF  RtIRtAL  ■ 2.54CM 

— .-PPfSNOT  PHUT  RANGES- 


-POSTSHOT  PFLIM  RANGES— 


FIELD  OATAt  X 

— HFTtRS 

X/RC 

LOG  10 ( x/PP) 

p 

R/RC 

LOGIOIR/PC) 

.105 

,4016 

-,T96?0 

13.655 

17,qO?ft 

1.25506 

.161 

,5670 

-,349?9 

9.060 

11,46.39 

1.07787 

.457 

,6074 

-,??011 

2 » *41 

3.7430 

.571?? 

.531 

,7076 

- ,1 S 31 6 

1.4?3 

1.6  755 

, 7731? 

■ tSf  SO  FIT  TO  t OO-tO* 

fOORTttN 

tWt+~)w 

464*(»/RC>  — 

*4,787 

POFRURTtr*  COgFrtCtfMT* 

SEVENS  f 5SCPT74I  460  GH  C41  snOPiO,?4,  IL  7 

INCH 

CRATER 

RADIUS (*C) * .74%  HCTFR9 

PELLET  DEPTH  OF  BURIAL 

■ 4, 

0*CH 

IF  I RANGES—  — 

• ----POSH 

P(ui  HUM 

FIELD  DATA!  X 

X/PC 

LOGiltX/PC) 

P 

R/RP 

10610 (P/RCl 

“ NFTERS 

MET  f 05 

,229 

,101? 

-.52114 

4.2M 

17.2048 

1,66641 

• 315 

,4916 

*,14678 

7.164 

9.4659 

.47616 

• 161 

,49F 

.4128 

*6tt4 

-,7M?« 

-♦22811 

3.044 

1.48* 

4,0120 

2.6114 

. 60  S3  7 

. 41t«4 

- Jim  ,1.  t»  toa-toc 

EQUATION 

(R/RC) ■ • 

R4i*t  X/RC) *• 

-2*  *3? 

CORRELATION  COEFFICIENT* 

• SAGE 
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Table  A2,  Preahot  and  Postshot  Distances  of  Individual  Pellets  (Cont) 


OCWKS  2 5SEPT741  500  GH  C4t  SHOP.0.25,  AL  3 INCH 
PELLET  DEPTH  a 7.6?CH 

PPf SHOT  FPLlfT  RANGES 


PXttO  OATAf 


lOClOtX/PCl 


CRATER  RADIUS tRC)a  ,759  HETERS 
— POSTSMOT  PFllET  PAAGFS— — 


LST  SQ  FIT  TC  LOG-LOG  EOLATJCN 


.804* .X/RCI**  -t.063 


COSRFLAT ICN  COEFFICIENT* 


DCVENS  25SPPT74I  500  GH  C4.  $001=0.50,  Al  * »Nf. 
*EttfT  OFRTH  Of  BURIAL  a 

PRfSHOT  PfUM  RANGES 


CPATFR  RADIUS 

POSTSMOT  PELLET  PANf.fS 


FIELD  OATAt  X 

X/PC 

LOG  1 8 (X/P*'J 

R 

R/RC 

LnGl0(R/RC) 

METERS 

METERS 

“ .385 

.3«?t 

-.45TT? 

14.966 

17.7807 

1.23776 



.38  1 

.4401 

3 SM,  1 

3.15P 

9.4761 

.97433 

^457 

.*?3? 

*.27??* 

6.4«5 

6.7782 

.79783 

. 533 

.516? 

-#21828 

>•615 

3.0211 

.4401/ 

'< 

• 61  B 

.784? 

-.15V« 

1.280 

1.4789 

.16993 

* 

i 

~t3T  SO  m rc  tOG-LOG 

pH U AT t ON 

IP/RC1* 

• 5TPMX/RCI** 

-3.453 

CO.Rn.TTCK  COrFTJCim. 

.TOTS 

$ 

OEVENS  25SEPT74 1 980  GH  C4 1 SHOP 

*0.*i8,  Al, 

3 INCH 

CRATFR 

RAO  ICS  IRC)*  .864  METERS 

i 

PELLET  depth  of  BURIAL 

* 7.6?C« 

i 

~~  RRfSMOT  PEL  LIT  RANGES 

— -—-POSTSMOT  PrtLFT  PAHGFS 

i 

FIELD  DATA!  X 

x/a  r 

IOG10C  X/ef.) 

P 

R/RC 

LOGtOtB/OC) 

t 

HETERS 

METERS 

.229 

.2641 

- *5  78  ?6 

17.160 

19, A?39 

1.29719 

.385 

.33?! 

-.45332 

S.»4* 

6,6444 

.82769 

• 38  1 

• 4401 

-.35*41 

5.00? 

5.7782 

.76179 

i 

• 533 

.615? 

-.21028 

1.637 

1.8908 

.57485  - 

.27666 

•V 

L3T  SO  FIT  TC  LOG-LOG 

EO0ATJCH 

( R/BC1 » 

.648* tT/OCl** 

-2.507 

COPPFL AT  ION  COEFFICIENT* 

.9741 

! 

OCVCNS  25SEPT74I  600  GH  C4t  SOnpsO.SQ,  U,  4 INCH 
PEtlCT  OePTH  OF  BURIAL  » 10.  If CM 

PRCSNCT  PfUll  RANGES—  • 

FIELD  OATAt  * X/«f  L0Gt8(*/R;:i 


CRATER  RADIUS tRC  ) a 


POSTSMOT  PFLLFT  RANGES---- 

R N/RC  LOCtO«R/RC» 


~t9T  90  FIT  f©  LOG-LOG  EqifAVfO** 


,44**«  tfRt)**  .Ml) 
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